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ABSTRACT
A rapidly changing climate and human disturbance patterns have accelerated the spread 
of invasive plants species in Alaska. Non-native plant invasions can disrupt pollinator services to 
native plants and have the potential to impact the pollination and fruit set in berry species 
important for subsistence harvest. My dissertation aims to address the dual need for greater 
understanding of the impacts of invasive plants on pollination of berry species in boreal 
ecosystems and the need for research on education strategies that best prepare Alaskans to 
respond to the issue. I integrate an ecological field experiment, a citizen science program where 
data is used to validate phenology models derived from heraium data, and an invasive plants 
education experiment testing the effects of a metacognitive learning intervention to provide 
multiple perspectives that inform the management of invasive plants in Alaska. The ecological 
field experiment found that invasive Melilotus albus acts as a magnet species for pollinators, 
which increased seed production in Vaccinium vitis-idaea, slightly decreased pollination in 
Rhododendron groenlandicum, and had no detectable interactions with Vaccinium uliginosum. 
The impact M. albus had on R. groenlandicum changed with distance from the invasive plant 
patch, but the impact on V. vitis-idaea did not. Using data from a statewide citizen science 
program monitoring the phenology of these species, I found that herbarium-based phenology 
models were valid for assessing relative shifts in phenology of these species across Alaska. 
Employing the research on M. albus and the berry species as a test case, I found that students 
who received the metacognitive learning intervention show long-term improvement in 
metacognitive skills compared to students in the control group, but that the groups did not differ 
in their ability to apply resilience thinking skills to the environmental problem-solving. I 
synthesized social-ecological resilience and education research to investigate how citizen science
v
and metacognitive learning could contribute to the capacity of Alaskans to respond to social- 
ecological change. Together, the ecology and education research presented here provide diverse 
perspectives on how to best manage and build the human capacity to manage M. albus near 
subsistence plant species.
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CHAPTER 1
Introduction
Non-native plant invasions and pollination of Alaskan berry species: integrating ecology 
and education using a social-ecological systems research framework
1

Invasive plants in a changing Alaska
Invasive species are among the top causes of changes in ecosystem services and losses in 
biodiversity around the globe (Wilcove et al. 1998, Sala et al. 2000, MEA 2005). Non-native 
plant invasions can change ecosystem properties such as nutrient cycling (Vitousek and Walker 
1989; Evans et al. 2001; Mack et al. 2001), hydrology (Busch and Smith 1995; Rickard and 
Vaughan 1988), fire regimes (Whisenant 1990; D’Antonio and Vitousek 1992; Grigulis et al.
2005) and plant-pollinator interactions (review in Morales and Traveset 2008). The ecological 
consequences of non-native plant invasions also can affect the ecosystem services that sustain 
human well-being (e.g. water-filtration, food production, etc.; Pejchar and Mooney 2009).
People who rely most on the land for provisions such as food, medicine, and fuel are the 
most at risk of being affected by the changes in ecosystem services caused by invasive species 
(Diaz et al. 2006). In Alaska, a high proportion of the population participate in subsistence 
lifestyles, a specific way of living and relating to the land in which wild animals and plants are 
harvested for food or cultural practices (Loring and Gerlach 2009). Invasive plant species could 
decrease the abundances of important subsistence plant species by competing with them for light, 
water, space, or pollinators (cf. Skurski et al. 2014). There is also potential for large scale plant 
invasions to change the habitat or behaviors of subsistence wildlife species like salmon or moose 
(cf. Spellman and Martin 2010; Seefeldt et al. 2010; Lisuzzo et al. 2011; Roon et al. 2014). As a 
result, invasive plant species present a potential threat to the food security of many Alaskans, 
particularly those who cannot substitute purchased goods for subsistence food.
A rapidly changing climate in Alaska has made its ecosystems and the people who 
depend on them increasingly vulnerable to this threat (Jarnevich et al. 2014, Carlson et al. 2014). 
In the past, a cold climate and limited human population were thought to restrict the movement
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of non-native plants into northern ecosystems (Callaghan et al. 1995). Climate largely controls 
the distribution of plants globally (Salisbury 1926; Woodward 1987), and the short growing 
season, cold winters, and large areas underlain by permafrost preclude many temperate species 
from establishing at high latitudes. Warmer winters (Chapman and Walsh 1993) and longer 
growing seasons (Myneni et al. 1997) have made conditions suitable for species that were 
previously limited to ecosystems further south. Simultaneously, anthropogenic disturbances have 
increased in Alaska due to increases in human population, commerce, and road construction 
(Walker and Walker 1991; Carlson and Shephard 2007; U.S. Census 2010). In Alaska today, 
both the diversity and extent of non-native plant species has dramatically increased (Carlson and 
Shephard 2007; Conn et al. 2010b; AKEPIC 2015a) with approximately 13 new species and 
7,000 new populations being added to state records every year (Flagstad et al. 2011).
While invasive plants have largely remained restricted to areas of human disturbance in 
Alaska, invasives have begun to move into natural disturbance areas (e.g. wildfire burn scars, 
glacial floodplains) and intact boreal plant communities (Wurtz et al. 2006; Cortes-Burns et al. 
2007; Lapina et al. 2007, Conn et al. 2008a; Villano and Mulder 2008; Bella 2011; Spellman and 
Wurtz 2011; Spellman et al. 2014, AKEPIC 2015a). Warmer temperatures and changes in 
precipitation have increased fire frequency, extent and severity in Alaska (Overpeck et al. 1997; 
Stocks et al. 2000; Bachelet et al. 2005; Balshi et al. 2009). Flooding regimes have also shifted in 
riparian systems of interior Alaska (Jones 2014). The changes in these two major disturbance 
regimes pose unpredictable circumstances for the spread of invasive plants in intact boreal plant 
communities.
Increasing opportunities for introduction and spread have also been documented in 
Alaska. For example, imported straw, hay, and horticultural commodities have brought invasive
4
plant propagules to Alsaka of species without previously established populations (Conn et al. 
2008b, 2010a). The diversity of agricultural weed species in Alaska has also increased over the 
past two decades (Conn et al. 2010b). Moose herbivory and snow machines catching seed- 
bearing stems from above the snow surface have been documented as mechanisms for spread of 
invasive Melilotus albus Medik. (Seefeldt et al. 2010, 2011). Recreational activities such as 
hiking and backpacking have also facilitated the spread of non-native plants in Alaska (Bella
2011). Many other probable mechanisms for invasive plant introduction and spread in Alaska 
remain unstudied.
Boreal ecosystems comprise one third of the world’s forested land (Shugart et al. 1992) 
and cover the second largest area of any terrestrial biome (Pielou 1988). Despite their size and 
global distribution, little is known about the consequences of non-native plant invasions in boreal 
systems. In Alaska, only a few studies in the peer-reviewed literature have investigated the 
effects of invasive plants on boreal ecosystems. One study found that Melilotus albus growing in 
dense patches on glacial river floodplains competes with native species for light and can reduce 
seedling recruitment in some species (Spellman and Wurtz 2011). Another study investigated the 
per-gram competitive impacts of M. albus from different populations around the state of Alaska 
(Sowerwine et al. 2012). M. albus had a consistently competitive effect when grown at different 
densities with a native grass, but the effect did not vary with the source population. A third study 
used a leaf pack experiment to investigate the impact of the non-native shrub Prunus padus L. on 
food webs in salmon streams where it has invaded in Anchorage, Alaska (Roon et al. 2014). The 
P. padus leaves broke down more slowly than the leaves of the native riparian trees and shrubs 
that it displaces, but they did not support different stream macroinvertebrate communities. There
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is a great need for more research on the impacts of invasive plants in Alaska, particularly with 
regard to their threats to subsistence food resources.
Invasive plants and the pollination of subsistence species
Sweetclover (Melilotus albus) is one of the most widespread invasive plants in Alaska 
(AKEPIC 2015a). This non-native has an extremely high number of flowers (up to 350,000 
flowers per plant; Royer and Dickinson 1999) and offers considerable nectar and pollen 
resources to pollinators (Peterson 1989; Malacalza et al. 2005; Tepedino et al. 2008).
Sweetclover can grow adjacent to co-flowering subsistence plant species such as blueberry 
(Vaccinium uliginosum L.), lowbush cranberry (or lingonberry, Vaccinium vitis-idaea L.), and 
Labrador tea (Rhododendron groenlandicum Oeder (formerly Ledum groenlandicum; Villano 
and Mulder 2008). Vaccinium uliginosum and Vaccinium vitis-idaea are an important part of 
subsistence diets across Alaska and are of increasing commercial importance (Ballew et al. 2004; 
Quiner 2005; Holloway 2006; Nelson et al. 2008). Rhododendron groenlandicum is used as a tea 
and to treat ailments such as colds and sore throats (Lepofsky et al.1985; Pojar and MacKinnon 
1994). All three of these species increase fruit and seed production when they are pollinated by 
insects (Hall and Beil 1970; Froborg 1996; Jacquemart and Thompson 1996; Davis 2002; 
Wheelwright et al. 2006) and share pollinators with sweetclover (Turkington et al. 1978; Eckardt 
1987; Davis et al. 2003; Dlusski et al. 2005; Tepedino et al. 2008). With overlapping habitat, 
flowering times, and pollinators, there is a high potential for sweetclover to alter pollination and 
reproduction of V. uliginosum, V. vitis-idaea, and R. groenlandicum.
Multiple plant-pollinator interaction scenarios are possible when an insect-pollinated 
invasive plant is introduced to a native plant community. In most published cases, invasive plants 
reduce pollinator visitation rates to native plants (Grabas and Laverty 1999, Chittka and
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Schurkens 2001, Brown et al. 2002, Moragues and Traveset 2005, Totland et al. 2006; Traveset 
and Richardson 2006). They compete for pollinators through their high abundances and 
competitive reproductive traits such as the showy floral displays or numerous flowers (e.g. 
Impatiens glandulifera, Chittka and Schurkens 2001). If pollinators prefer the invasive flowers, 
non-native plant invasions can reduce pollen quantity delivered to the native plants (Waser 1983; 
Campbell 1985; Brown et al. 2002; Kandori et al. 2009). Non-native species can decrease pollen 
quality if they increase the amount of heterospecific pollen being delivered to the native plants 
(Morales and Traveset 2008). Some studies also observed decreases in fruit or seed production as 
a result of reduced pollen quality or quantity (Bjerknes et al. 2007, Munoz and Cavieres 2008, 
Kandori et al. 2009).
Conversely, invasive plants could enhance reproductive success of native plants by acting 
as a “pollinator magnet” to increase the overall pollinator abundances for the entire plant 
community (Moragues and Traveset 2005, Tepedino et al. 2008). Further, in some cases, 
“sequential mutualisms” may be created by the presence of an invasive plant that provides floral 
resources during periods when the local native species are no longer flowering (cf. Waser and 
Real 1979). This scenario could increase the overall carrying capacity of a site for pollinator 
populations. Finally, there are a few cases published where no significant effects on plant- 
pollinator relationships were observed (Moragues and Traveset 2005).
Relative to other forest types, boreal forest ecosystems tend to have fewer flowering 
species, smaller pollinator pools, and shorter flowering periods (Kevan et al. 1993). This could 
intensify the potential impacts of non-native plant invasions on the reproductive success of 
nearby native plant species (cf. Carlson et al. 2008). I could find only a single study to date on 
the impact of invasive plants on the pollination and reproductive success of native plants in the
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boreal forest that has been published in English in the peer reviewed literature (see Totland et al.
2006). This study investigated the effects of experimental outplanting of non-native Phacelia 
tanacetifolia on pollination and reproduction of a native boreal plant species (Melampyrum 
pratense; Totland et al. 2006). The non-native plants strongly decreased pollinator visitation to 
the native plants but did not change fruit set or seed production. Low nutrient availability in 
boreal forest habitats may explain why the substantial change in pollinator visitation to the native 
plant did not lead to a change in reproductive success. Further study is needed to disentangle the 
relative influence of pollen limitation and resource limitation on the impacts an invasive plant 
can have on native plant reproduction.
Role of education and outreach in managing invasive plants in Alaska
The potential for invasive plants to impact food resources such as the pollination of berry 
species presents an attractive opportunity for education and outreach. Alaska is still in the early 
stages of the invasion process for most non-native species that are present, and the majority of 
the species that have caused the greatest problems in other parts of the world have not yet been 
introduced to the state (AKEPIC 2015a). As a result, the general public is only just starting to 
become aware of invasive plant species, and education and outreach are a key component of 
Alaska’s strategy for preventing new invasive plant introductions (Graziano 2011). Between 
2007 and 2011, more than $5.8 million was spent annually in Alaska to manage invasive species 
(Schworer et al. 2012). Of that annual amount, most went directly to monitoring or controlling 
invasive species, but a substantial amount went to education and outreach ($500,000; Schworer 
et al. 2012).
Examples of the many successful invasive plant education and outreach programs include 
Alaska-specific K-12 curricula and teacher workshops (Slemmons 2007, Villano and Villano
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2008), plant identification workshops (Flagstad et al. 2014), and a growing network of “Weed 
Smackdown” community awareness events (Etcheverry et al. 2011). These efforts aim to 
increase awareness and knowledge of the invasive plants issue in Alaska. However, given the 
accelerating rate of introductions and spread in Alaska (Carlson and Shephard 2007), other 
strategies may do more to aid the efforts to manage invasive plants. Effective and efficient 
invasive plants education should increase public awareness and ecological knowledge, but also 
increase problem-solving skills and civic engagement. Many Alaskan’s care greatly about wild 
berries, both as a food resource and as a cultural tradition (Ballew et al. 2004; Nelson et al.
2008). The topic of invasive plants affecting the pollination of berry species presents an 
emotional hook and context for engaging people in learning that could improve the management 
of invasives in Alaska.
Social-ecological systems perspective for non-native plants invasions in Alaska
Navigating complex social-ecological problems like non-native plant invasions requires 
the integration of research from multiple disciplines. The social-ecological systems concept 
asserts that human and ecological dimensions of a system are not only linked, but co-evolving 
and shaping one another (Chapin et al. 2009). Over the past few decades, ecologists have 
increasingly turned to the social-ecological systems perspective to understand the broader 
impacts their research has on society, including the production of science that helps sustain 
ecosystem services in the face of rapid global changes (Collins et al. 2011; Chapin et al. 2011). 
Interdisciplinary research on the resilience of social-ecological systems has been a key 
component of this effort (Gunderson and Holling 2002; Walker and Salt 2006; Chapin et al.
2009; Collins et al. 2011). Social-ecological resilience is defined as the capacity of the system to
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respond to and shape change in ways that sustain and develop the fundamental function, 
structure, identity and feedbacks of the system (Chapin et al. 2009).
Learning is fundamental to social-ecological resilience (Folke et al. 2009). Learning 
processes allow humans in the system to reflect on how their actions have effected changes to the 
system and change their actions to allow for the system to return to a desired state if the change 
had undesired consequences (Argyris and Schon1978; Senge 1990; Chapin et al. 2009; Kofinas 
2009; Tidball and Krasny 2011). There is increasing evidence that well-designed education 
strategies or programs can target learning that increases this adaptive capacity (Fazey et al. 2007; 
Lundholm and Plummer 2010; Krasny et al. 2010; Muttarak and Lutz 2014), a key mechanism of 
resilience in social-ecological systems (Folke et al. 2002, Adger et al. 2005, Gallopin 2006, 
Janssen and Ostrom 2006, Engle 2011).
Given the importance of learning to resilience in social-ecological systems, integrating 
research from the fields of education and ecology may provide substantial benefits to any effort 
to respond to non-native plant invasions in Alaska. In Alaska, invasive plants research has 
focused primarily on risk analysis, assessment of ecosystem impacts, and inventory or 
monitoring of distributions (AKEPIC 2015b). Prior to this dissertation, no study had been 
published in Alaska on invasive plant education and outreach, despite the fact that effective 
education is one of the eight major priorities in the current Alaska strategic plan for the 
management of invasive plant species (Graziano 2011). A research framework that fully 
integrates both ecological and social aspects of non-native plant invasions, including the way 
Alaskans learn about them, would undoubtedly support the larger goals the state has to sustain 
“uninterrupted productivity of natural and agricultural resources” (Graziano 2011) in the face of 
accelerating non-native plant invasions. Further, this mission aligns well with the concept of
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social-ecological resilience, and incorporating this concept into an invasive plants research 
framework may be well suited to support Alaska’s strategic goal.
The National Science Foundation’s Long-Term Ecological Research Program has 
proposed a social-ecological systems research framework to integrate social and natural science 
research (Collins et al. 2011). In this conceptual framework, the biophysical template represents 
the traditional realm of ecological research, while the social template represents the human 
dimensions of environmental change typically studied by social scientists (Fig.1.1). The 
biophysical and the social dimensions of the system are linked through human actions and 
ecosystem services. Human behaviors can change the environment, which affects ecosystem 
structure and functioning. These changes can alter the services that the ecosystem provides to 
humans. Altered ecosystem services then shift the way people interact with and respond to the 
environment (“human outcomes” in Fig. 1.1), and may change the environmental behaviors or 
actions of humans. Human outcomes include characteristics that enable people to navigate 
social-ecological change such as human capital (skills and capabilities that enable a person to act 
in new ways; Coleman 1988), social capital (relationships between people that facilitate action; 
Coleman 1988), sense of place (a special feeling that develops in relationship to a particular 
social-ecological setting; Steele 1981), and stewardship values (ethics that embody the 
responsible care and management of social-ecological resources; Chapin et al. 2009).
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Figure 1.1 Integrated social-ecological system research framework adapted from Collins et al. (2011) and Tidball 
and Krasny (2010).
The framework allows for the investigation of these linkages in response to some external 
driver or multiple drivers of change, such as a warming climate or increasing human impact on 
the environment. The response of the system to these external drivers of change is represented by 
short-term pulses that alter the system (e.g., a flood or a stream restoration project) or more 
gradual changes to the system (e.g., sea level rise or a shift in stewardship values; Smith et al.
2009). Tidball and Krasny (2010) used and adapted this framework to investigate the impact 
environmental education programs have on resilience and sustainability in social-ecological 
systems. They propose that environmental education can produce both short-term boosts to 
maintaining valued ecosystem properties through service learning or community restoration 
projects, and long-term shifts in the skills and thinking capacities needed to manage and sustain
resources over time.
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Dissertation goals and approach
My dissertation aims to address the dual need for greater understanding of the impacts of 
invasive plants in boreal ecosystems and the need for research on education strategies that best 
prepare Alaskans to respond to the issue. The ecological research goal of this dissertation is to 
investigate the impact of an invasive plant species on the pollination and reproduction of native 
plants. The education research goal of this dissertation is to investigate the role two different 
education strategies, citizen science and metacognitive learning, can play in building resilience to 
non-native plant invasions in Alaska. I adapt the above integrated social-ecological systems 
research framework to situate these two efforts within a larger goal of sustaining subsistence 
berry resources in the face of accelerating non-native plant invasions in Alaska (Fig. 1.2).
To achieve the ecological research goal, I conducted a field experiment where I added 
small patches of M. albus to sites where V. uliginosum, V. vitis-idaea, and R. groenlandicum 
were growing abundantly. To address the education research goal of my dissertation, I engaged 
in two separate activities: 1) I initiated a citizen science program across Alaska that investigated 
the flowering overlap of M. albus, V. vitis-idaea, and V. uliginosum; and 2) I conducted an 
experiment on the impact of a metacognitive learning intervention on student ability to apply 
resilience thinking skills to the problem-solving scenario of M. albus and the pollination of berry 
species.
Ecological experiment
The ecological field experiment in chapter 2 investigated three questions: 1) Does M. 
albus addition alter pollination and reproduction of these native species? 2) Does the abundance 
of M. albus vary the effect it has on pollination and reproduction of the native plants? and 3)
How important is the influence of M. albus relative to other factors expected to influence native
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plant reproduction? In the first year of the experiment, I investigated all three species. Due to the 
limited overlap in flowering times of V. uliginosum with M. albus and logistical difficulties 
involved in outplanting M. albus prior to V. uliginosum flowering, the second year of study 
included only V. vitis-idaea and R. groenlandicum. Chapter 2 addresses the site-level effects of 
M. albus addition on pollination, fruit production, and seed set in V. vitis-idaea and R. 
groenlandicum. I report site-level results for V. uliginosum during the first year of study in 
Appendix 2.1.
Competition for resources such as light, water, or nutrients, however, operates directly on 
a plant neighborhood scale, while competition for pollinators occurs indirectly and can occur 
over both plant neighborhood scales and over the large foraging distances of pollinators (over 
300 m in some Bombus spp.; Osborne et al. 1999). Chapter 3 addresses whether the effect of 
sweetclover varies with distance from the invasive plant patch within our sites. In that 
manuscript I address two questions: 1) Does the distance from the invasive plant patch affect 
pollination and seed production of V. vitis-idaea and R. groenlandicum? and 2) Does the 
relationship between distance from the invasive plant patch and native plant pollination and 
reproductive success vary with M. albus patch size?
Citizen science
Citizen science refers to partnerships between scientists and non-scientists to conduct 
scientific research on a topic of interest or concern (Conrad and Hilchey 2011, Jordan et al.
2012). Through the Melibee Project (“Meli-” which we use to represent Melilotus albus, the 
focal invasive plant species, and “-bee” for the primary pollinators it shares with the berry 
species), I worked with volunteer citizen scientists to monitor the phenology of our focal species 
across Alaska. The citizen science data complemented a historical phenology datset that spanned
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North America collected from herbarium specimens of the focal species. The Melibee Project 
had dual ecological research and education/outreach goals. The ecological research goals were:
1) provide a current snapshot of the flowering overlap of our three focal species across the state 
of Alaska, and 2) create an independent source of phenology data that could be used to validate 
the herbarium-based phenology models. The education and outreach goals for the network were 
to 1) engage public participants in meaningful research on the impacts of invasive plants on an 
important subsistence food resource in Alaska, and 2) increase knowledge and awareness of 
invasive plants, climate change, reproductive ecology of plants, and scientific practices among 
the participants.
The research goals for the citizen science network were motivated by the potential for the 
flowering overlap of sweetclover and the native focal species to vary across the different 
climates across Alaska. If the amount of overlap varied, the result would create a geographic 
mosaic of differing interactions between the species for pollinator services across the state. To 
address this question, we used phenology data gathered from herbarium records to model 
flowering times of sweetclover and the Vaccinium species. We then validated the models using 
the phenology observations made by citizen scientists. Chapter 4 presents the methodologies and 
model validation results from this effort. A forthcoming manuscript will use the phenology 
models to predict which areas of Alaska have greatest overlap in flowering times between 
sweetclover and the berry species. In combination with risk models for the spread of 
sweetclover, my collaborators and I will identify regions of Alaska at highest risk of altered 
pollinator services. This effort aims to help resource managers in subsistence-based communities 
in Alaska to plan for active prevention or management of invasive plants in particularly 
vulnerable areas.
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To achieve the education and outreach goals of the Melibee Project citizen science 
network, I recruited and trained volunteers from diverse communities and backgrounds 
throughout Alaska. All volunteers were trained through either a live online training or an in­
person workshop prior to commencing data collection. Training opportunities ranged in length 
from one hour to intensive 3-day workshops. Volunteers primarily consisted of families, K-12 
educators and youth, environmental education camp participants, Alaska Native tribal and 
traditional council environmental programs, nature centers, land management agencies, and 
interested individuals. Approximately 250 volunteers actively participated in the research and 
submitted data.
Citizen science has become an increasingly popular way to engage the public in science 
learning (Silvertown 2009; Bonney et al. 2014). Citizen science also provides benefits to 
participants such as increased ecological knowledge, science process skills, trust between 
community members and scientists, and a sense of place (Turnbull et al. 2000; Backstrand 2003; 
Brossard et al 2005; Jordan et al. 2011; Dickinson et al. 2012; Jordan et al. 2012; Pandya 2012). 
In Chapter 6, I reviewed the education and social-ecological resilience literature to investigate 
the linkages between citizen science and the capacity for communities to be resilient to 
undesirable changes. In Appendix A, I present results of Melibee Project participant surveys that 
gauge changes in knowledge, skills, and behaviors related to key attributes of resilient social- 
ecological systems.
Metacognition
Metacognition, or the knowledge of and ability to regulate one’s own thinking, has been 
suggested as an important approach to learning that could help increase the thinking skills in 
people necessary for social-ecological resilience (Fazey et al. 2005, Fazey et al. 2007).
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Metacognitive learning strategies could improve skills like ecological literacy, innovative 
application of scientific knowledge, critical thinking, systems thinking, scenarios thinking, and 
bold decision making in the face of uncertainty. I review the relationships between 
metacognition and these thinking skills in the introduction to Chapter 5 and in Chapter 6, and 
experimentally test the impact of a metacognitive learning intervention on student ability to 
apply these skills to social-ecological problem solving in Chapter 5.
To support teacher and school participation in the Melibee Project citizen science 
program, I developed a set of inquiry-based activities for classroom use (Spellman 2011). I used 
the ecological research presented in chapters 2 and 3 of this dissertation as a context for learning 
about the complex social and ecological dimensions of non-native plant invasions and their 
effects on natural resources. These lessons were field tested in partnership with a 7th grade 
biology teacher in interior Alaska near Fairbanks. During the implementation of these inquiry 
lessons, I conducted the experiment presented in Chapter 5, in which I tested the effects of a 
metacognitive learning intervention on student ability to apply resilience thinking skills to 
invasive plants problem-solving. Before and after the experiment, students were asked to 
complete a written assessment designed to use the ecological research on sweetclover and the 
pollination of subsistence berry plants as a problem-solving scenario to which students could 
apply the suite of target resilience thinking skills. This work gives insight into whether training 
in metacognition could enhance the effective problem-solving of community.
Synthesizing ecology and education research
Each chapter in my dissertation presents a different insight or perspective that can help to 
manage subsistence plant resources and invasive plants as human disturbance patterns and 
climate rapidly change in Alaska. In figure 1.2, I conceptualize my study system and the way
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each major component of the dissertation (ecological experiment, citizen science, and 
metacognition) interacts within the system.
Figure 1.2 Conceptual framework defining the integrated dissertation study system. The contribution that each 
major dissertation component (ecological research, citizen science, and metacognition experiment) offers to the 
understanding of the system is indicated by linkages A-D. Framework adapted from Tidball and Krasny (2010) and 
Collins et al. (2011).
First, the ecological experiment (Chapters 2 & 3) establishes whether or not invasive 
Melilotus albus has an impact on the pollination of subsistence plants (Fig. 1.2 linkage A). It also 
provides insight into the role key variables that are useful for prioritizing management activities 
play in modifying the effects of sweetclover on native plants. Such variables include invasive 
plant patch size, identity of the native species, habitat type, and spatial relationships between 
species within a site. The citizen science program (Chapter 4) provides further perspective on
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the functioning of the ecosystem by ultimately helping to identify areas where the interactions 
between M. albus and the berry species might be the strongest (Figure 1.2, linkage B). My hope 
is that by communicating these results to those with stewardship responsibilities (i.e. land 
managers, land owners, concerned community members), Alaskans will have increased capacity 
to respond with appropriate and scientifically informed actions and planning processes.
Knowing the impact non-native plants have on subsistence plant resources alone does not 
ensure that Alaskan communities will have the capacity to respond to the issue. In addition to 
financial capital, the community must also possess the problem-solving skills (i.e. human capital 
in fig. 1.2), social networks (i.e. social capital), sense of place, and stewardship values to 
sustainably manage their subsistence plant resources and shape the trajectory of change in the 
social-ecological system (Chapin et al. 2009). Chapters 5 and 6 and Appendix A provide insight 
into whether citizen science and metacognitive learning are viable educational strategies for 
increasing these sorts of attributes in a community. In the conclusion chapter, I will return to this 
conceptual model to summarize the major findings and potential applications my research 
provides for preparing Alaskans to respond to non-native plant invasions.
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CHAPTER 2
Effects of non-native Melilotus albus on pollination and reproduction in two boreal shrubs1
1Spellman KV, Schneller LC, Mulder CPH, Carlson ML. Effects of non-native Melilotus albus on pollination and 
reproduction in two boreal shrubs. Manuscript submitted to the journal Oecologia, January 2015
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Abstract
The establishment of abundantly flowered, highly rewarding non-native plant species is 
expected to have strong consequences for native plants through altered pollination services, 
particularly in boreal forest where the flowering season is short and the pollinator pool is small. 
We added flowering Melilotus albus to boreal forest sites in two different years to test if the 
invasive plant influences the pollination and reproductive success of two co-flowering ericaceous 
species: Vaccinium vitis-idaea and Rhododendron groenlandicum. We found that M. albus 
increased the pollinator diversity and tended to increase visitation rates to the focal native plant 
species compared to control sites. M. albus facilitated greater seed production per berry in V. 
vitis-idaea when we added 120 plants compared to when we added 40 plants or in control sites. 
Increasing numbers of M. albus inflorescences lowered conspecific pollen loads and percentage 
of flowers pollinated in R. groenlandicum; however no differences in fruit set were detected. The 
number of M. albus inflorescences had greater importance in explaining R. groenlandicum 
pollination compared to other environmental variables, and had greater importance in black 
spruce sites than in mixed deciduous and white spruce sites for explaining the percentage of V. 
vitis-idaea flowers pollinated. Our data suggest that the identity of new pollinators attracted to 
the invaded sites, degree of shared pollinators between invasive and native species, and variation 
in resource limitation among sites are likely determining factors in the reproductive responses of 
boreal native plants in the presence of an invasive.
Keywords
Fruit set, invasive species, Ledum palustre ssp. groenlandicum, seed set, Rhododendron 
groenlandicum, Vaccinium vitis-idaea
Introduction
Non-native plants that invade flowering plant communities can have diverse effects on 
reproductive success of native plants. Competitive effects of non-native plant introductions on 
native species occur through two often co-occurring mechanisms: 1) decreases in pollen quantity 
and 2) decreases in pollen quality (Waser 1978). Non-native plant invasions can reduce pollen 
quantity delivered to native plants by decreasing visitation rates to the native species as a result 
of pollinator preference for the invasive flowers (Waser 1983; Campbell 1985; Brown et al. 
2002; Kandori et al. 2009). Non-native species can decrease pollen quality if they increase the 
amount of self- or heterospecific pollen being delivered (Morales and Traveset 2008). 
Conversely, some studies have demonstrated that the presence of invasive plants increased 
overall pollinator abundances or visitation rates to the entire community, which increased pollen 
quantity, fruit yield and seed production (Moragues and Traveset 2005; Tepedino et al. 2008). 
Other studies have found no measurable impacts of invasive plants on the pollination and 
reproduction of native plants (Bartomeus et al. 2008a).
The abundance of invasive plant flowers within the flowering plant community at a site 
changes pollen flow to the native plants and subsequent reproductive success (Munoz and 
Cavieres 2008; Molina-Montenegro et al. 2008; Flanagan et al. 2010). The relative influence an 
invasive plant has on the reproduction of native plants may also vary with other factors that 
would be expected to affect plant reproduction, such as habitat type, weather, and inter- or intra­
specific competition with other native flowers. Pollinator visitation rates can differ among 
different habitat types due to differences in conspecific and heterospecific flower abundances, 
amount of shade, or availability of pollinator nesting sites (Westrich 1996; Gathmann and 
Tscharntke 2002; Westphal et al. 2003; Bartomeus et al. 2010). Differences in weather between
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years or between sites can change pollination services by influencing the amount of time 
available for pollinator flight activity (Kuchko 1988, Tuell and Isaacs 2010), by affecting which 
types of pollinators are active (Corbet et al. 1993), and by directly affecting resources for flower 
and fruit growth and maintenance (Jacquemart 1997, Krebs et al. 2009).
Relative to other forest types, boreal forest ecosystems tend to have fewer flowering 
species, smaller pollinator pools, and shorter flowering periods (Kevan et al. 1993). This could 
intensify the potential negative or positive impacts of non-native plant invasions on the 
reproductive success of neighboring native plant species (cf. Carlson et al. 2008). Despite the 
fact that the boreal forest is one of the largest terrestrial biomes on Earth (a third of the world’s 
forested land; Shugart et al. 1992), to date we could find only a single study on the impact of 
invasive plants on the pollination and reproductive success of native plants in the boreal forest 
that has been published in English in the peer reviewed literature (see Totland et al. 2006). This 
single study found that the experimental outplanting of non-native Phacelia tanacetifolia 
strongly decreased pollinator visitation to a native boreal plant species (Melampyrum pratense) 
but did not change fruit set or seed production (Totland et al. 2006). High resource limitations 
on plant reproduction in boreal forest habitats may explain why the substantial change in 
pollinator visitation to the native plant did not lead to a change in reproductive success. Without 
stigmatic pollen load data, however, the Totland et al. (2006) study could not disentangle the 
relative influence of pollen limitation and resource limitation on plant reproduction in their field 
sites.
Compared to other places, low levels of anthropogenic disturbance and cold climate have 
limited the introduction and survival rates of non-native plants in the boreal forest (Sanderson et 
al. 2012). However, the number of non-native species occurring within Alaska increased by 46%
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between 1941 and 2006 (Carlson and Shephard 2007). Increases in the number and extent of 
non-native species in Alaska may be attributed in large part to increases in human population and 
associated disturbances (e.g. more roads, resource extraction; Walker and Walker 1991; U.S. 
Census Bureau 2010; Carlson and Shephard 2007) and increased influx of propagules via 
imported agricultural and horticultural commodities (Conn et al. 2008a). Climatic shifts in 
Alaska such as warmer winters (Serreze et al. 2000) and longer growing seasons (Myneni et al. 
1997) have also increased the likelihood of invasive plant success.
A few species, such as Melilotus albus Medik. (M. albus), have spread rapidly throughout 
the state, primarily along road corridors (AKEPIC 2014). M. albus is one of the few non-native 
species in Alaska that has also spread widely into naturally disturbed areas such as river 
floodplains (Conn et al. 2008b; Spellman and Wurtz 2011) and wildfire scars (Spellman et al. 
2014). M. albus is native to Eurasia and was introduced to Alaska in 1913 as a potential cold- 
hardy forage and nitrogen-fixing crop (Irwin 1945), and now occurs throughout Alaska from as 
far south as Metlakatla (55.122 °N, - 131.561 °W) to north of Coldfoot (67.286 °N, -150.171 °W) 
at the base of the Brooks Mountain Range (AKEPIC 2014). M. albus can reduce native seedling 
recruitment along glacial river floodplains by directly competing with native plants for light 
(Spellman and Wurtz 2011). Additionally, this species offers considerable nectar and pollen 
resources to floral visitors (Peterson 1989, Malacalza et al. 2005, Tepedino et al. 2008) with an 
extremely high number of flowers per plant (up to 350,000 flowers per plant; Royer and 
Dickinson 1999), particularly in comparison to native boreal insect-pollinated plants that offer 
less pollen and nectar rewards. As a result, M. albus invasions could also alter plant communities 
by changing the pollination and reproductive success of native boreal plants.
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In many of the instances of M. albus invasion documented in or adjacent to burned boreal 
forest (Villano and Mulder 2008), the understory is dominated by Vaccinium vitis-idaea L. 
(lingonberry or lowbush cranberry) and Rhododendron groenlandicum (Oeder) Kron & Judd 
(formerly Ledum palustre ssp. groelandicum; Labrador tea), two abundant insect-pollinated 
Ericaceous plant species that have broad circumboreal distributions (Hulten 1968). These species 
are of cultural, subsistence, and economic importance (Garibaldi 1999, Quiner 2005; Holloway 
2006; Nelson et al. 2008). Because both species overlap withM. albus in habitat (Villano and 
Mulder 2008), flowering times (pers. obs.), and pollinator communities (Turkington et al. 1978; 
Eckardt 1987; Davis et al. 2003; Dlusski et al. 2005; Tepedino et al. 2008), we chose to focus on 
V. vitis-idaea and R  groenlandicum in this study.
Within interior Alaska, bumblebees (Bombus spp.), syrphid flies (Syrphidae), and solitary 
bees (Andrena sp.) are the pollinators that carry the greatest amount of V. vitis-idaea pollen 
(Davis et al. 2003), but other pollinator guilds carry its pollen as well (e.g. Lepidopterans, other 
flies, beetles; Davis 2002). Rhododendron groenlandicum is visited by pollinators in all the 
aforementioned guilds (pers. obs.). M. albus has generalist flowers visited by a wide range of 
species, including solitary bees, bumblebees, wasps, flies, butterflies, and moths (Coe and Martin 
1920; Turkington et al. 1978; Tepedino et al. 2008). V. vitis-idaea and R. groenlandicum are 
self-compatible (Jacquemart and Thompson 1996; Jacquemart 1997; Wheelwright et al. 2006). 
Both species, however, have decreased fruit and seed set when insect pollinators are excluded 
and increase fruit set and seed production when they are supplemented with outcross pollen (Hall 
and Beil 1970; Froborg 1996; Jacquemart and Thompson 1996; Davis 2002; Wheelwright et al. 
2006). This was confirmed in interior Alaska, where flowers from which pollinators were 
excluded showed a 79% and 18% reduction in fruit set for V. vitis-idaea and R. groenlandicum,
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respectively, compared to flowers open to insect pollination (Mulder and Spellman, unpublished 
data).
We conducted a preliminary observational study during the summer of 2010 to compare 
insect pollinator visitation to native plants and V. vitis-idaea fruit set at sites with and without M. 
albus along the roadside. These sites were located throughout interior Alaska, along the Steese, 
Elliot, and Dalton Highways. The abundance of insect pollinators observed at sites with 
flowering M. albus was approximately two times higher than at sites without M. albus (L. 
Schneller, unpublished data). The sites with M. albus also had greater proportion of V. vitis-idaea 
flowers setting fruit compared to sites without M. albus present (49 ± 20% in sites with M. albus, 
16 ± 7% in sites withoutM. albus; C.P.H. Mulder, unpublished data). However, we could not 
attribute these changes in pollinator activity and V. vitis-idaea fruit set to the presence of M. 
albus, as site conditions that favor M. albus establishment may also favor higher pollinator 
activity, and promote greater abundance of native flowers and greater fruit set. To disentangle 
potential confounding environmental effects, we conducted a controlled M. albus addition 
experiment, which we report here. Specifically, we ask three questions: 1) Does M. albus 
addition alter V. vitis-idaea and R. groenlandicum pollination and reproduction? 2) Does the 
abundance of M. albus vary the effect it has on pollination and reproduction of these native 
plants? and 3) How important is the influence of M. albus relative to other factors expected to 
influence native plant reproduction?
Methods 
Study area
During the growing seasons in 2011 and 2012, we located boreal forest sites within the 
Bonanza Creek Boreal Long Term Ecological Research Program (BNZ LTER) research areas
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near Fairbanks, Alaska (Bonanza Creek Experimental Forest, 64.709 °N, -148.326 °W, and 
Caribou and Poker Creeks Research Watershed, 65.141 °N, -147.457 °W. Sites were selected to 
contain flowering V. vitis-idaea and R. groenlandicum, and primarily occurred in two habitat 
types: 1) “mixed” sites that contain deciduous tree species (Betula neoalaskana Sarg. and/or 
Populus tremuloides Michx.) and white spruce (Picea glauca (Moench) Voss), and 2) black 
spruce (Picea mariana Mill.) sites (Fig. 2.1). The mixed sites tended to occur on gentle hill 
slopes (3-10% grade) or at the tops of hills with understory vegetation composed primarily of the 
two focal species, Vaccinium uliginosum, Rosa acicularis, Viburnum edule, Salix spp., Alnus 
viridis, Geocaulon lividum, and Cornus canadensis. The black spruce sites occurred in low lying 
areas with minimal slope (0-3% grade) and understory vegetation composed primarily of the two 
focal species, Vaccinium uliginosum, Rubus chamaemorus, Salix spp., and moss species. The 
mixed deciduous and white spruce stands had greater average canopy cover than the black spruce 
sites (56 % in mixed deciduous-spruce sites and 17 % in black spruce sites) and greater 
abundances of native flowers (approx. 1.8 times the number of flowers per m2).
Experimental design
In 2011, we selected 17 sites placed greater than 300 m apart to minimize pollinator 
movement between sites. Nine sites were in mixed deciduous and spruce sites and eight were in 
black spruce forest sites. Sites were circular and extended 40 m in all directions from the site 
center. M. albus did not occur at any of these sites. Eleven sites were randomly assigned to have 
40 greenhouse-grown flowering second year Melilotus albus plants added to the site center 
(designated “Mel 40”), and six were control sites (no M. albus added). The sites contained one or 
both of the focal native species, with 16 sites containing V. vitis-idaea and 15 sites containing R. 
groenlandicum (Table 2.1).
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In 2012, we discontinued the site that did not have V. vitis-idaea and added two new sites 
to bring the total number of sites to 18. To address the influence of invasive plant patch size on 
the reproductive success of our focal species, we added a higher M. albus addition level to our 
design in 2012 (120 plants added, designated “Mel 120”). The eighteen sites were allocated to 
each of the three treatment levels: control, Mel 40, and Mel 120 (six sites each). To compare 
years directly, we retained the same treatments in six of the sites (three control and three Mel 40 
sites). The remaining three control sites, three Mel 40 sites and six Mel 120 sites were randomly 
assigned. We assigned sites without respect to habitat type, but had multiple sites of each 
treatment in each with the exception of a single black spruce site that received the Mel 120 
treatment (Table 2.1).
M. albus was added to the Mel 40 or Mel 120 sites at the time that V. vitis-idaea and R. 
groenlandicum flower buds emerged, but had not yet opened. M. albus were grown in the 
greenhouse in “conetainer” pots (7 cm diameter at the top, 22 cm in length); each pot contained 
one individual with 5 to 181 inflorescences (mean of 49 ± 18 flowers per inflorescence). Either 
40 or 120 pots were placed in the center of the site in holes of similar dimensions so that the top 
of the pot was flush with the ground surface. M. albus density was 15 plants per m2, resulting in 
circular patches approximately 2.6 m2 and 8 m2 in size. The range in number of inflorescences 
added to each site was 334 to 942 (16,366 to 46,158 total flowers) for Mel 40 sites and 1068 to 
1608 (52,332 to 78,792 total flowers) for Mel 120 sites. The addition levels we used (Mel 40 and 
Mel 120) were comparable to the patch sizes found within burned boreal forest in interior 
Alaska, which are typically in the earliest of invasion stages where they occur (Villano and 
Mulder 2008). Once flowers of focal native species had dropped their petals (18-28 days after M. 
albus addition), M. albus was removed from the sites. To prevent accidental introductions, we
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removed any immature seeds that appeared on the M. albus plants throughout the duration of the 
experiment. Sites were also visited a year following the experiments to confirm that no M. albus 
plants were present.
Within each site, 25 circular plots were established for each of the occurring focal species 
(1 m2 plot for V. vitis-idaea, and 1.77 m2 plot for R. groenlandicum) ranging from 1 m to 40 m 
from the site center. Five plots were placed within five distance ranges from the site center: 1 to 
2 m, 3 to 5 m, 8 to 10 m, 15 to 20 m, and 25 to 40 m. Within these plots, five V. vitis-idaea or 
five R. groenlandicum ramets were marked for tracking fruit set and seed production. In the 1 to 
2 m distance category, focal plants were always selected outside of the M. albus patch to avoid 
plants where the root systems may have been damaged during the M. albus transplanting. This 
study focuses on whole-site impacts of M. albus on focal native species reproduction, and spatial 
variation of the effects within sites will be discussed in a forthcoming paper. We initially 
attempted to include Vaccinium uliginosum as a third focal species, however this species 
flowered prior to the outplanting of M. albus and we were only able to collect limited data from 
this species in the first year and therefore the results are not presented here. Results from our 
year of data collection on V. uliginosum are presented in Appendix 2.1.
Pollinator activity and community
In 2011, we observed insect pollinator activity in 15 of the 17 sites (four control sites and 
11 Mel 40 sites). We did not observe pollinator activity in 2012. Pollinator observations occurred 
between 8 am and 6 pm during calm, rain-free periods from June 6 to 18 in 2011. One focal plot 
per distance category was randomly chosen for a 2 m x 2 m pollinator observation of 15 minutes, 
for a total of five observations per site. For each observation, we counted the total number of 
open flowers and then recorded pollinator landings on open flowers of focal species within the
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plot. Observed pollinators were grouped into categories (butterflies, wasps, bumblebees, solitary 
bees, syrphid flies, and non-syrphid flies) for field identification. We calculated visitation rates 
using insect landings per number of flowers per hour of observation in each plot within each of 
the 15 sites used for observations (12 sites with V. vitis-idaea present and 14 sites with R. 
groenlandicum present). We used four pairs of sites (the four control sites each paired with a Mel 
40 site that was observed on the same day) to assess differences in the pollinator community 
composition between the treatments. Due to overall low number of pollinator sightings in these 
sites, we pooled observations in the four control sites and the four Mel 40 sites to calculate 
Simpson’s diversity index and proportional similarity (Brower and Zar 1984).
Pollination
To measure pollen deposition, we collected V. vitis-idaea and R. groenlandicum stigmas 
from randomly selected open flowers near each of our marked focal plants. We did not take 
stigmas from marked plants to avoid interfering with fruit set. Three (in 2011) or five (in 2012)
V. vitis-idaea and five R. groenlandicum stigmas were collected from each of the 25 plots in each 
site approximately 14 days after the M. albus was added. The stigmas were mounted on 
microscope slides and stained with a basic fuscin gel (Kearns and Inouye 1993). Each pollen 
grain or tetrad (in the case of R. groenlandicum and V. vitis-idaea pollen) on the stigma was 
identified to genus (using anther vouchers we collected from all flowering species at the sites as 
a reference) and counted under a compound light microscope. Proportion of heterospecific pollen 
grains on the stigmas was low (3.2 ± 0.3 % for V. vitis-idaea and 0.8 ± 0.2 % for R. 
groenlandicum), so only conspecific pollen loads on the stigmas were used in the final analysis. 
Flowers were considered to be “well-pollinated” when they had > 10 pollen tetrads on the 
stigma. We selected this threshold because fruit production increases sharply at this pollen level
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for both focal species in control plots (data not shown). Few stigmas had zero pollen grains on 
them, making presence or absence of pollen inadequate to detect variation in proportion of 
flowers that were pollinated.
Fruit set and seed production
We calculated percent fruit set as the percentage of flower buds on marked plants at the 
beginning of our experiment that produced fruit by the end of the growing season. To determine 
seed production per fruit in V. vitis-idaea we dissected up to five berries per marked plant and 
counted the number of seeds produced under a dissecting microscope. For R. groenlandicum, 
which has minute seeds that are released as the fruit ages and dries, we dried inflorescences at 65 
°C until the fruits opened and released the seeds. The weight of the seeds was divided by the 
number of fruits on the inflorescences to derive seed mass per fruit.
Environmental covariates
We measured biotic and abiotic variables that we expected to influence our response 
variables. Temperature and relative humidity during the experimental period (time ofM. albus 
addition to time of M. albus removal in the site or nearest M. albus addition site for control sites) 
were obtained every 30 min using a HOBO-Pro data logger (Onset Computer, Cape Cod, 
Massachusetts, USA) fixed 0.5 m above the ground surface at the center of each site. Number of 
hours of rain was estimated as number of hours with RH > 100%. Tree canopy cover was 
estimated for each of the 25 plots using a convex spherical crown densiometer (Model A; Forest 
Densiometers, Bartlesville, Oklahoma, USA) on the north and south edges of the plot. We 
visually estimated the percent shrub cover present above the V. vitis-idaea (up to 1 m in height) 
in each plot. R. groenlandicum was the tallest understory plant in the plots where it occurred, so 
shrub cover over this species was not a factor. To provide an estimate of flower abundance and
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richness, we counted the number of open flowers and flower buds present for each insect- 
pollinated species within the 25 plots at the time of M. albus addition.
Analysis
To look for differences in pollinator visitation rates between control and Mel 40 
treatments, we used a non-parametric Wilcoxon rank sum test on site level averages. All our 
other response variables were calculated as averages of 25 focal plant plots per site and met the 
assumptions of normality and constant variance. We performed the statistical analyses on the 
plant and environmental data using SAS v.9.1 (SAS Institute, Cary, North Carolina) and the 
pollinator data using R v. 2.14.2 (R Development Core Team 2012).
To determine the influence of the M. albus addition treatment and year on V. vitis-idaea 
and R. groenlandicum pollination, fruit set and seed production, we conducted MANOVA using 
site-level means of response variables for V. vitis-idaea and R. groenlandicum. The response 
variables in the multivariate models included number of conspecific pollen grains delivered to 
stigmas (“conspecific pollen”), percent flowers receiving > 10 pollen grains or tetrads (“% 
pollinated flowers”), % flowers setting fruit (“% fruit set”), and number of seeds per fruit for V. 
vitis-idaea or seed mass per fruit for R. groenlandicum (“seeds or seed mass per fruit”). We 
conducted several tests to disentangle treatment, year and site effects. We first tested for a 
treatment effect in each year individually. We then tested for year, treatment, and year by 
treatment interactions using both years but excluding the sites that received the Mel 120 
treatment in 2012 (since this treatment was not imposed in 2011). Finally, we evaluated site and 
year effects using only sites where the treatment remained the same across both years of the 
experiment. Separate ANOVAs were then run to assess which individual response variable 
responded most strongly to treatment and year effects, and to allow us to disentangle the relative
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roles of pollen limitation and resource limitation on our focal species’ reproductive responses. 
We took a conservative approach to interpreting these ANOVA results to reduce risk of 
committing type I error and used Bonferroni-corrected p-values. We also treated the abundance 
of M. albus inflorescences added to each site as a continuous variable and used linear regression 
to determine if the number of M. albus inflorescences present influenced our four pollination and 
reproduction response variables.
To identify the relative importance of M. albus and the other environmental variables in 
explaining differences in pollination, fruit set, and seed production between sites, we calculated 
Akaike’s Information Criterion variable importance values for seven or eight site-level abiotic 
and biotic covariates using multiple linear regression on the four response variables for each of 
the focal species. The covariates included the number of M. albus inflorescences added to site, 
percent tree canopy cover per plot, percent shrub cover per plot (for V. vitis-idaea only), number 
of conspecific flowers per plot, number of all flowers per plot, flower richness per plot, and 
mean temperature and number of hours of rain during the addition experiment at the site. We 
included all additive models and ranked them using Akaike’s Information Criterion adjusted for 
small sample size (AICc; Burnham and Anderson 2002), then calculated cumulative AICc 
weights ( 0 < £  (jl>i < 1 ), or “importance values,” for each biotic or abiotic variable (Burnham 
and Anderson 2002; Arnold 2010). We considered importance values > 0.55 as indicative of 
well-supported variables. Average parameter estimates for each well-supported variable were 
calculated using the set of best-supported models (those within 2 AICc units of the model with 
the lowest AICc score) to assess the direction of the response of each focal species to the 
parameter. Since canopy cover differed greatly between mixed deciduous-spruce sites and black 
spruce sites, and it had an important positive relationship with pollination and seed production
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variables in V. vitis-idaea (Table 2.4), we re-ran the multiple linear regression analysis described 
above separately for the two habitat types to determine the relative importance of M. albus in the 
two habitat types.
Results
Effects of M. albus on pollinator activity and community
V. vitis-idaea - All sites without M. albus had no pollinator visitation, while Mel 40 
treatment sites had a range of visitation rates between 0 visits/flower/hour and 0.46 
visits/flower/hour (Fig. 2.2a). The mean visitation rate to control sites was 0 visits/flower/hour, 
while the mean at Mel 40 treatment sites was 0.11 visits/flower/hour. This effect was not 
statistically significant (W = 10, p  = 0.22).
R. groenlandicum -  Three out of four control sites without M. albus had no pollinator 
visitation to R. groenlandicum, while Mel 40 treatment sites had a range of visitation rates 
between 0 visits/flower/hour and 0.034 visits/flower/hour (Fig. 2.2b). The mean visitation rate to 
control sites was 0.0006 visits/flower-hour, while the mean at Mel 40 treatment sites was 0.0076 
visits/flower/hour. These means did not significantly differ from each other (W = 15, p  = 0.46).
Pollinator community -  The pollinator guilds had 40% proportional similarity between 
the pooled control and Mel 40 site pairs. More pollinator guilds visited the focal species in the 
Mel 40 sites than control sites. Butterflies, syrphid flies, other types of flies, and wasps were only 
present in the Mel 40 treatment sites, while bumblebees and solitary bees were present in control 
and Mel 40 sites. The pollinator guild-level Simpson’s D was 0.49 in the control sites and 0.77 in 
the Mel 40 sites.
Effects o f  M. albus on native plant pollination and reproduction
V. vitis-idaea- In our MANOVA, we found a marginal treatment effect on V. vitis-idaea
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pollination and reproduction in 2012, and a marginal year effect (Table 2.2). In 2012, Mel 120 
sites produced 4 more seeds per berry on average compared to the control and Mel 40 sites, a 
significant increase of approximately 15% (Table 2.3, Fig. 2.3d). Fruit set in 2012 was greater 
than in 2011 for V. vitis-idaea (Table 2.3, Fig. 2.3c) and the magnitude of difference in fruit set 
in Mel 40 compared to control sites was greater in 2012 than in 2011 (1.1% increase in 2011, 
13.4% increase in 2012, F  = 5.26, p  = 0.03; Fig. 2.3c). We did not detect any differences in the 
number conspecific pollen grains on V. vitis-idaea stigmas or the percent well-pollinated flowers 
between treatments or between years in our ANOVA tests (Table 2.3, Fig. 2.3a,b). The number 
of conspecific pollen grains on stigmas, percent flowers pollinated, fruit set, and seeds per berry 
in V. vitis-idaea could not be explained by the number of M. albus inflorescences in the site 
(Table 2.4).
R. groenlandicum- We found a highly significant year effect for our R. groenlandicum 
MANOVA model testing for year, treatment, and interaction effects (Table 2.2). Seed mass per 
fruit was the individual variable driving this response (Table 2.3). There was more than double 
the mean seed mass per fruit in 2012 compared to 2011 (Fig. 2.4d). In 2011, Mel 40 sites had 
42% greater seed mass per fruit relative to the control sites, while in 2012 the Mel 40 sites had 
24% less seed mass per fruit relative to the control sites (Fig. 2.4d). The number ofM. albus 
inflorescences at a site decreased the number of R. groenlandicum pollen tetrads and percent 
flowers pollinated (a decrease of one tetrad or 1% flowers pollinated for every 100 
inflorescences added; Table 2.4). Fruit set could not be explained by the M. albus treatment 
level in either year (Table 2.3, Fig. 2.4c), nor could it be explained by the number o fM. albus 
inflorescences at the site (Table 2.4).
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Relative importance o f  M. albus and environmental factors in predicting reproduction
V. vitis-idaea- The number of M. albus inflorescences, canopy cover, flower richness, 
and mean temperature were identified as important in explaining the variation among sites in 
percent V. vitis-idaea flowers pollinated (Table 2.5). M. albus had a lower cumulative parameter 
weight compared to the other three variables, all three of which were positively related to % 
flowers pollinated (Table 2.5). M. albus inflorescence number was important in explaining % V. 
vitis-idaea flowers pollinated in black spruce sites, but not in mixed deciduous and white spruce 
sites (Table 2.6). The number of M. albus inflorescences was not identified as being as important 
as the other environmental variables for any of the other three V. vitis-idaea response variables 
across all sites (Table 2.5) or in the two different habitat types.
R. groenlandicum- The number of M. albus inflorescences at a site outweighed the 
importance of all the other vegetation and weather variables in explaining conspecific pollen 
loads and the percent pollinated R. groenlandicum flowers (Table 2.5). R. groenlandicum fruit 
set, however, was better explained by canopy cover, flower richness, and hours of rain, which 
were all negatively related to fruit set (Table 2.5). The R. groenlandicum seed mass per fruit was 
best explained by the percent canopy cover and average temperature at the sites, both of which 
had positive relationships with the seed mass per fruit (Table 2.5). The number ofM. albus 
inflorescences was not identified as important in explaining the response variables when we 
divided the sites by habitat type.
Discussion
The existing body of literature addressing the effects of invasive plants on native plant 
pollination and reproduction has documented a diversity of competitive (Chittka and Schurkens 
2001; Brown et al. 2002; Kandori et al. 2009; Flanagan et al. 2010), facilitative (Nielsen et al.
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2008; Tepedino et al. 2008; Da Silva et al. 2013) and neutral effects (Bartomeus et al. 2008a). 
The majority of these studies, however, focus only on the impacts a non-native plant has on the 
pollination and reproduction of a single native species (Chittka and Schurkens 2001; Brown et al. 
2002; Nielsen et al. 2008; Kandori et al. 2009; Flanagan et al. 2010; Da Silva et al. 2013). By 
investigating multiple native species within the same sites, our study demonstrates that 
generalizations made from these single species studies do not capture the complexity of invasive 
plant interactions within a plant community. We found that addition ofM. albus increased 
pollinator diversity in our sites and tended to increase pollinator visitation rates to native V. vitis- 
idaea and R. groenlandicum. We saw a facilitative effect of M. albus on the seed production of 
V. vitis-idaea in 2012 and no strong effect on R. groenlandicum reproduction. However, there 
was a weak competitive effect on R. groenlandicum pollen loads and percent flowers pollinated 
at the highestM. albus densities.
Along with other multi-species studies and plant-pollinator network studies (Moragues 
and Traveset 2005, Jakobsson et al. 2009, Bartomeus et al. 2008b, Albrecht et al. 2014), we 
suggest that the identity of shared pollinators between specific invasive and native pairs or 
identity of new pollinators attracted to the invaded sites are likely determining factors in the 
reproductive responses of native plants. Our study also indicates that site environmental 
conditions and resource limitations to plant reproduction further complicate the generalizations 
that can be made from existing corpus of experimental studies on invasive plant impact on native 
plant reproduction. We discuss here how both pollinator identity and site environmental 
conditions may have influenced our results.
M. albus effect on pollination and reproduction o f  two boreal shrubs
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The addition of M. albus did little to change pollen loads or pollination rates of V. vitis- 
idaea. Seed production per berry, however, did increase in the presence of the highest M. albus 
abundance level. A higher seed set without evidence of higher pollen loads suggests that there is 
an increase in the proportion of outcross pollen being delivered by pollinators when higher 
densities ofM. albus are introduced. This explanation is consistent with previous hand- 
pollination experiments in which cross-pollinated V. vitis-idaea plants produced more seeds than 
self-pollinated plants (Jacquemart and Thompson 1996; Froborg 1996; Jacquemart 1997), but did 
not have higher fruit set (Jacquemart and Thompson 1996; Jacquemart 1997).
The shift in the pollinator community composition in the presence of M. albus provides a 
mechanism through which the outcrossing rates may change. Densely-flowered clonal plants like 
V. vitis-idaea are subject to high levels of within genet pollen transfer due to the foraging 
strategies of bumblebees in particular (Jacquemart and Thompson 1996). Other pollinating guilds 
such as butterflies tend to take longer flights between plants than Bombus spp. (Proctor et al. 
1996) thereby increasing outcross potential. Butterflies, syrphid flies, other flies, and wasps were 
observed visiting the native focal species only at sites where M. albus was added. Other studies 
have documented changes in pollinator behaviors (e.g., changes in distance traveled between 
plants) as a result of non-native plant invasions (Ghazoul 2004), which could also explain a 
possible shift in outcrossing rates.
The modest decline in conspecific pollen loads and pollination rates of R. groenlandicum 
flowers with greater numbers of M. albus flowers is suggestive of a greater overlap in pollinator 
community and a shift by more effective R. groenlandicum pollinators to visiting M. albus when 
it is at high densities. Indeed a high proportion of pollinator guilds are shared between R. 
groenlandicum andM. albus (plant-pollinator networks are explored in Schneller et al., in prep).
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Despite a potential for reduced conspecific pollen flow, we did not observe an associated decline 
in fruit or seed set. Resource limitation is likely to play a major role in limiting sexual 
reproduction in these boreal communities (Grainger and Turkington 2013) and pollination rates 
beyond a minimum threshold may not result in changes in fruit and seed set.
The magnitude of the M. albus effect on V. vitis-idaea fruit set and R. groenlandicum 
seed mass per fruit was greater in 2012 compared to 2011. In 2011 it rained for almost twice as 
many hours as in 2012 (173 vs. 97 hours during the experimental period), which likely allowed 
for a greater amount of time for pollinator activity in the second year (Kuchko 1988; Tuell and 
Isaacs 2010). It may have also affected which types of pollinators are active (Corbett et al. 1993). 
Other studies have found it difficult to disentangle the role of variations in weather in V. vitis- 
idaea fruit set (Jacquemart 1997; Krebs et al. 2009), with factors like late spring frosts having a 
potential effect on both flowers and insect populations. Similarly, we cannot determine whether 
the warmer conditions in the second year of our study reduced pollinator limitation or resources 
limitation for V. vitis-idaea fruit set and R. groenlandicum seed production. V. vitis-idaea fruit 
set was negatively related to the number of heterospecific flowers and positively related to the 
number of conspecific flowers, which is consistent with pollen limitation. Further, seed 
production for V. vitis-idaea increased only under the highest level of M. albus addition, 
suggesting that this variable is pollinator limited in a warm year.
Relative importance o f  M. albus and environmental variables in explaining reproduction
M. albus inflorescence number was more important for explaining R. groenlandicum 
pollination than were the other biotic and abiotic variables we measured. The importance of M. 
albus did not persist in subsequent R. groenlandicum reproduction. Similarly, the number of M. 
albus inflorescences was only important in explaining the percent flowers pollinated for V. vitis-
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idaea, while fruit set was more influenced by the environmental conditions. This finding is 
consistent with Totland et al. (2006), who documented non-native Phacelia tanacetifolia 
affecting pollinator visitation to a native boreal plant species (Melampyrum pratense), but not 
reproductive success. Totland et al. (2006) similarly attributed this finding to the high resource 
limitations on reproduction in boreal forest habitats.
Our finding that M. albus had far greater importance in explaining pollination rates of V. 
vitis-idaea in black spruce sites than in mixed deciduous-spruce sites further supports the 
important role of resource availability in mediating relationships between invasive and native 
boreal plant reproduction. Black spruce sites tend to have lower soil temperatures (Viereck et al. 
1992) and lower densities of native flowers than the mixed deciduous-spruce sites. The reduced 
floral resources and the lower temperatures for ground-nesting pollinators likely limits the 
number of pollinators in black spruce sites, and the addition of M. albus may act as a distraction 
for the already low pollinator levels.
Further considerations
Our results point to a clear need for further research in two areas of invasion biology in 
the boreal forest in particular: plant-pollinator network studies and experimental studies isolating 
the influence of pollen limitation and resource limitation in invaded and uninvaded habitats. Both 
of these types of studies would make major contributions toward understanding the reproductive 
impact of entomophilous invasive plants in species poor, resource limited boreal plant 
communities.
Both phenological and spatial aspects of our experiment lead us to pose further questions, 
as well. First, we added fully floweringM. albus to sites where V. vitis-idaea and R. 
groenlandicum flowers were on the verge of opening, while typically these focal species begin
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flowering several days before M. albus in interior Alaska (C.P.H. Mulder and K. V. Spellman, 
unpublished data). The flowering sequence can have large impacts on connections within plant- 
pollinator networks (Olesen et al. 2008) and may have altered the influenceM. albus had on our 
pollination response variables. Our experiment also forced M. albus to overlap the full flowering 
periods of both the native focal species to get an understanding of the maximum potential 
interaction. In reality, the timing of flowering and length of flowering overlap between the 
species varies in different years, and the extent of the overlap is likely to play an important role 
in determining the effects M. albus has on V. vitis-idaea and R. groenlandicum pollination and 
reproduction.
At the scale we studied (40 m radius sites) we found a positive effect on seeds per fruit in 
V. vitis-idaea and weak negative effect on pollination in R. groenlandicum. These results could 
change if our study scale increased or decreased (Lopezaraiza-Mikel et al. 2007; Jakobsson et al. 
2009). With limited pollinator pools in boreal forest and the “pollinator magnet” effect (cf. 
Laverty 1992) that M. albus appears to have in our sites, it is likely that V. vitis-idaea near but 
outside our study sites receive less attention from pollinators of any guild, and that if we 
expanded our sites the facilitative effect on seeds that we found would disappear. A different net 
effect may also occur if we had considered sites of a smaller radius around the M. albus patch. 
We will discuss the role of distance from invasive plant patch within our sites in a forthcoming 
manuscript. These sorts of questions warrant further investigation, particularly in the face of 
accelerating rates of invasion in boreal forest ecosystems.
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Table 2.1 Number of sites for each species and in different habitat types in 2011 and 2012 by 
treatment.
Species Habitat type
Year and Treatment 
2011 2012
Control Mel 40 Control Mel 40 Mel 120
V. vitis-idaea Mixed 4 5 4 2 5
Black spruce 2 5 2 4 1
Total 6 10 6 6 6
R. groenlandicum Mixed 2 5 2 2 3
Black spruce 2 6 2 4 1
Total 4 11 4 6 4
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Table 2.2 MANOVA results for models testing for M. albus addition treatment (trt), year, site 
and interaction effects for the combination of four response variables (total pollen on stigmas, 
percent flowers pollinated, percent flowers setting fruit, and number of seeds per fruit for V. 
vitis-idaea or seed mass per fruit for R. groenlandicum).
Focal Species Data set
Source
of
variation
Wilks' I F
num
df
denom
df p
V. vitis-idaea 2011 trt 0.83 0.56 4 11 0.70
2012 trt 0.37 1.96 8 24 0.10
2011 & 2012 
excluding 
Mel 120 year 0.66 2.68 4 21 0.06
trt 0.81 1.27 4 21 0.31
Sites where trt
year*trt 0.92 0.44 4 21 0.78
remains same in 
2011 & 2012 site 0.003 1.72 20 8 0.23
year 0.03 15.73 4 2 0.06
R. groenlandicum 2011 trt 0.77 0.76 4 10 0.57
2012 trt 0.51 0.81 8 16 0.61
2011 & 2012 
excluding 
Mel 120 year 0.23 15.23 4 18 <0.0001
trt 0.98 0.12 4 18 0.98
Sites where trt
year*trt 0.76 1.45 4 18 0.26
remains same in 
2011 & 2012 site 0.002 1.42 16 4 0.41
year 0.14 1.51 4 1 0.54
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3 Table 2.3 ANOVA results for models testing for M. albus addition treatment effects for four individual response variables (total 
pollen on stigmas, percent flowers pollinated, percent flowers setting fruit, and number of seeds per fruit for V. vitis-idaea or seed 
mass per fruit for R. groenlandicum).
Table 2.3 ANOVA results for models testing for M. albus addition treatment (trt) effects for four 
individual response variables (total pollen on stigmas, percent flowers pollinated, percent flowers
Response Variables
Focal Species Data set
Source
of
variation df
Error
df
Conspecific
pollen
F
% flowers 
pollinated
F
% fruit 
set
F
Seeds or 
seed mass 
per fruit
F
V. vitis-idaea 2011 trt 1 14 0.01 1.04 0.03 0.13
2012 trt 2 15 0.27 0.02 1.09 6.30*
2011 & 2012 
excluding 
Mel 120 year 1 24 0.01 1.20 12.06* 1.77
trt 1 0.19 0.45 1.59 0.04
year*trt 1 0.28 0.71 1.39 0.19
Sites where trt 
remains same in 
2011 & 2012 site 5 5 2.09 0.82 1.39 0.66
year 1 0.36 0.06 7.67 1.09
R. groenlandicum 2011 trt 1 13 1.15 0.53 0.10 2.02
2012 trt 2 11 1.30 2.00 0.41 1.53
2011 & 2012 
excluding 
Mel 120 year 1 21 1.17 1.31 0.12 24.58*
trt 1 0.35 0.25 0.04 0.13
year*trt 1 0.54 0.26 0.04 4.57
Sites where trt 
remains same in 
2011 & 2012 site 4 4 2.50 1.74 7.01 6.88
year 1 0.00 1.13 0.07 20.55*
setting fruit, and number of seeds per fruit for V. vitis-idaea or seed mass per fruit for R. 
groenlandicum). * indicates a Bonferroni- correctedp  < 0.05.
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Table 2.4 Linear regression analysis for V. vitis-idaea and R. groenlandicum pollination and 
reproduction responses to the number of M. albus inflorescences present at a site. The number of 
M. albus inflorescences present in sites where it was added ranged from 334 to1608 
inflorescences (mean 795 ± 85). Individual M. albus plants had up to 181 inflorescences with 
approximately 50 flowers per inflorescence. Models withp  < 0.1 are indicated in bold.
Species Response Variable modeldf
error
df
M. albus 
inflorescences 
parameter estimate 
(s.e.)
F p R2
V. vitis-idaea Conspecific pollen 1 34 -0.0002 (0.002) 0.01 0.94 0.0002
% flowers pollinated 1 34 -0.00003 (0.00005) 0.41 0.52 0.01
% fruit set 1 34 0.001 (0.006) 0.05 0.82 0.002
Seeds per fruit 1 34 0.002 (0.002) 2.07 0.16 0.06
R. groenlandicum Conspecific pollen 1 27 -0.007 (0.003) 3.82 0.06 0.12
% flowers pollinated 1 27 -0.01 (0.006) 4.05 0.05 0.13
% fruit set 1 27 -0.005 (0.005) 0.99 0.33 0.04
Seeds per fruit 1 27 0.0004 (0.002) 0.07 0.79 0.003
70
Table 2.5 Modeled Akaike’s Information Criterion average parameter estimates (b) and relative 
variable importance (cumulative parameter weights; X roi) for candidate variables explaining 
differences in total pollen deposited on stigmas, % flowers well pollinated (> 10 pollen grains), % 
flowers setting fruit, and seeds per fruit (total number seeds for V. vitis-idaea and seed mass for R. 
groenlandicum) for focal species across all sites. Bold values indicate well-supported variables (X roi > 
0.55) and average parameter values for these variables were taken over models with a difference in 
AICc < 2.
Species
Response variables
conspecific
pollen
% flowers 
pollinated % fruit set
Seeds or seed 
mass per 
fruit
Explanatory Variables b I b I b I b I
V. vitis-idaea # M. albus inflorescences . 0.23 -8 x 10-5 0.58 0.19 0.26
canopy cover (%) 0.12 0.67 0.003 0.86 0.28 0.09 0.86
shrub cover (%) . 0.42 0.33 0.30 0.35
# V. vitis-idaea flowers . 0.26 0.39 2.25 0.88 0.34
# all flowers . 0.26 0.40 -2.30 0.90 0.30
flower richness . 0.41 0.09 0.68 16.45 0.84 3.40 0.72
avg. temperature . 0.24 0.06 0.67 0.28 0.40
hours of rain . 0.24 0.22 -0.13 0.86 0.23
R. groenlandicum # M. albus inflorescences -0.01 0.68 -0.01 0.71 0.54 0.19
canopy cover (%) . 0.24 0.25 -0.31 0.99 7 x 10-6 0.83
# R. groenlandicum infloresc. . 0.22 0.23 0.21 0.28
# all flowers . 0.24 0.24 0.23 0.20
flower richness . 0.30 0.23 -5.93 0.71 0.20
avg. temperature . 0.32 0.36 0.31 3 x 10-4 0.91
hours of rain . 0.29 0.24 -0.04 0.56 0.40
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Table 2.6 Average Akaike’s Information Criterion parameter estimates (b) and cumulative 
parameter weights (X roi) for candidate variables explaining differences in Vaccinium vitis-idaea 
percent flowers well-pollinated (> 10 pollen grains) in mixed deciduous-spruce and black spruce 
sites. Bold values indicate well-supported variables (X roi > 0.55), and average parameter values 
for these variables were taken over models with a difference in AICc < 2.
Mixed 
Deciduous- 
Spruce Sites
Black Spruce 
Sites
Explanatory Variables b I b I
# M. albus inflorescences . 0.17 -0.0001 0.60
canopy cover (%) 0.004 0.75 0.13
shrub cover (%) . 0.39 0.13
# V. vitis-idaea flowers . 0.28 0.15
# all flowers . 0.28 0.14
flower richness . 0.36 0.17
avg. temperature . 0.30 0.11 0.94
hours of rain . 0.28 0.19
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Figure 2.1 Experimental sites were established in two boreal forest habitat types: “mixed” sites 
that contain deciduous tree species (Betula neoalaskana Sarg. and/or Populus tremuloides 
Michx.) and white spruce (Picea glauca (Moench) Voss) (A) and black spruce (Picea mariana 
Mill.) sites (B).
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Figure 2.2 Pollinator visitation rates to V. vitis-idaea (A) and R. groenlandicum (B) flowers in 
sites without M. albus added (control) and in sites with 40 M. albus plants added (Mel 40). Each 
box plot shows the 1st quartile, median (dark line), and 3rd quartile, and whiskers show the 
minimum and maximum value range for pollinator visitation rates. Minimum, 1st quartile, and 
median values were equal to 0 in all cases.
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Figure 2.3 Vaccinium vitis-idaea conspecific pollen loads on stigmas (A), percent flowers 
pollinated (B), percent flowers setting fruit (C), and number of seeds per fruit (D) in sites without 
Melilotus albus (control) and sites with 40 or 120 M. albus plants added (Mel 40 and Mel 120) 
during the summers of 2011 and 2012. Bars are mean ± s.e. of site-level averages for each 
treatment in each year. The Mel 120 treatment was only conducted in 2012. Differences between 
treatment means withp  < 0.05 are indicated by *, andp  < 0.1 are indicated by +.
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Figure 2.4 Rhododendron groenlandicum conspecific pollen loads on stigmas (A), percent 
flowers pollinated (B), percent flowers setting fruit (C), and number of seeds per fruit (D) in sites 
without Melilotus albus (control) and sites with 40 or 120 M. albus plants added (Mel 40 and 
Mel 120) during the summers of 2011 and 2012. Bars are mean ± s.e. of site-level averages for 
each treatment in each year.
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Appendix 2.1
Effects of Melilotus albus on Vaccinium uliginosum fruit set and seed production 
Introduction
At the onset of the Melilotus albus addition experiment presented in Chapter 2,
Vaccinium uliginosum was included as a focal species. Under the current conditions in interior 
Alaska, the flowering times of Melilotus albus and Vaccinium uliginosum overlap for about 6 
days, approximately 15% of the total flowering period for V. uliginosum (K.V. Spellman, 
unpublished data). This is substantially less overlap than for V. vitis-idaea and Rhododendron 
groenlandicum, the other focal native species in our study (pers. obs.), which can be up to 15 
days of overlap in interior Alaska (K.V. Spellman, unpublished data). V. uliginosum is of interest 
still because the overlap is greater in other parts of the state or continent (C.P.H. Mulder, 
unpublished data) and because under climate change there might be shifts toward greater 
overlap. Rapid turnover in the flowers, new flower production over the the months of June and 
July, and early onset of flowering in our years of study made V. uliginosum a logistically 
challenging species to keep in the study and include in the publishable manuscript. The data from 
the year I did study V. uliginosum, however, may be of use to others interested in blueberry 
pollination.
Methods
The same methods detailed in Chapter 2 were followed with only a few modifications. 
Fourteen field sites (out of a total of 18 sites used for the study) had V. uliginosum present in 
abundance in the plant community,4 control sites and 10 sites with 40 sweetclover plants added
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(Mel+40). Due to the small number of open V. uliginosum flowers at the time of the experiment 
other than on the plants marked for tracking fruit set, we were not able to collect stigmas from 
this species. Many V. uliginosum flowers had opened on our marked plants before we began our 
experiment. As a result, the response variables for this species include the percent flowers setting 
fruit and seeds per berry only for flowers that were unopened prior to M. albus addition.
Results
There was no difference in V. uliginosum fruit set or seeds per berry between the sites 
with 40 M. albus and the control sites (fruit set- F(1,12) = 0.27, p  = 0.61; seeds per berry- F(1,12) = 
0.33, p  = 0.58; Figure 2.5). None of the environmental covariates we measured were supported 
by our multiple regression analysis to explain V. uliginosum fruit set or seed production (Table 
2.7).
Conclusion
We did not detect any influence of M. albus addition or number of sweetclover 
inflorescences on V. uliginosum fruit set or seed production. In addition to the limited overlap in 
flowering times for V. uliginosum and M. albus, these data may support the idea that sweetclover 
has little competition for pollinator with V. uliginosum in interior Alaska. However, with fewer 
sites and fewer plants available for data collection relative to the other species we sampled in 
Chapter 2, a lack of statistical power may contribute to these results. The inability for any of our 
environmental covariates to explain any variation in our response variables further suggests a 
lack of power. Further research that considers the methodological challenges we faced in our 
study will be necessary to assess the impact of M. albus or earlier flowering invasive plants on V. 
uliginosum reproduction.
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Figure A2.1.1 Vaccinium uliginosum percent flowers setting fruit (A), and number of seeds per fruit (B) 
in sites without Melilotus albus (control) and sites with 40 M. albus plants added (Mel+40) during the 
summers of 2011 and 2012. Bars are mean ± s.e. of site-level averages for each treatment in each year.
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Table A2.1.1 Modeled Akaike’s Information Criterion average parameter 
estimates (b) and relative variable importance (cumulative parameter weights; X 
roi) for candidate variables explaining differences % V. uliginosum flowers 
setting fruit, and seeds per fruit across all sites. Bold values indicate well- 
supported variables (X roi > 0.55) and average parameter values for these 
variables were taken over models with a difference in AICc < 2.
Response Variables
Explanatory Variables
% fruit set total seeds
b I «i b I «i
# M. albus inflorescences 0.07 -0.005 0.17
canopy cover (%) 0.43 0.17 0.15 0.30
# V. uliginosum flowers 2.48 0.18 -0.73 0.21
# all flowers 0.15 0.15 -0.01 0.11
flower richness 0.02 -2.12 0.16
avg. temperature 9.03 0.10 -0.61 0.16
hours of rain 0.03 -0.02 0.19
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CHAPTER 3
Effects of invasive plant patch size and distance on the pollination and reproduction
of native boreal plants1
1Spellman KV, Mulder CPH, Carlson ML. Effects of invasive plant patch size and distance on the pollination and 
reproduction of native boreal plants. Manuscript prepared for submission to the journal Oecologia.
83

Abstract
In pollinator-limited ecosystems in the earliest stages of the invasion process, the effects 
of invasive plants on the pollination and reproduction of co-flowering native plants may be 
particularly sensitive to the distance between native and non-native plants. Our study 
experimentally tests how the distance from invasive plant patches affects the pollination and 
reproduction of two native boreal plants. We added 0, 40, or 120 flowering Melilotus albus 
individuals to the center of sites with flowering Vaccinium vitis-idaea and Rhododendron 
groenlandicum located at five different distances from the center: 1 to 2 m, 3 to 5 m, 8 to 10 m, 
15 to 20 m, and 25 to 40 m away. The distance from the invasive plant patch affected the 
relationship between M. albus and the reproductive success of R. groenlandicum, but not of V. 
vitis-idaea. Compared to the same distances from the site center in control sites, the percentage 
of R. groenlandicum flowers pollinated and the seed mass per fruit increased close to the M. 
albus patches (1 - 5 m) and decreased at greater distances (8 -  40 m). M. albus patch size did not 
affect the relationship between distance from the invasive plant patch and the pollination and 
seed production of the native plants. These data suggest that small patches of a rewarding 
invasive plant increases the spatial variation in pollination and reproduction of some native 
boreal plants within a site.
Keywords
Boreal forest, invasive species, Ledum palustre ssp. groenlandicum, Melilotus albus, pollination, 
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Introduction
Invasive plants are well understood to often alter native plant communities through direct 
competition with native plants for light, water, and nutrients (reviewed in Levine et al. 2003; 
Skurski et al. 2014). Indirect competition for pollinator services can also occur with invasive 
plants that have highly rewarding inflorescences (Chittka and Schurkens 2001). Because many 
pollinating insects fly substantial distances to obtain floral resources (Osborne et al. 1999; 
Beekman and Ratnieks 2000; Gathmann and Tscharntke 2002; Knight et al. 2005), the scale at 
which entomophilous invasive plants can affect the reproductive success of native plants is much 
greater than the effects of direct competition. Some studies have reported net negative effects of 
invasive plants on the pollination of native plants by decreasing visitation rates to native plants 
(Waser 1983; Campbell 1985; Brown et al. 2002; Kandori et al. 2009) or increasing the amount 
of incompatible pollen delivered to the native flowers (Morales and Traveset 2008).
Other studies report overall positive effects through a “pollinator magnet” effect or by 
increasing pollinator carrying capacity of a site (Moragues and Traveset 2005; Lopezaraiza- 
Mikel et al. 2007; Tepedino et al. 2008), or no effects (Bartomeus et al. 2008). Most field studies 
investigating the impact of invasive plants on pollination of native plants occur in relatively 
small scale plots or transects with the invasive plants dispersed throughout (Lopezaraiza-Mikel et 
al. 2007; Bartomeus et al. 2008; Munoz and Cavieres 2008; Bartomeus et al. 2010; Flanagan et 
al. 2010; Da Silva et al. 2012; plot/transect size in these studies range from 18 m2 to 200 m2).
Some authors acknowledge that the scale of their investigation may alter the overall 
direction of the interactions between invasive plants, pollinators, and native plant species 
(Lopezaraiza-Mikel et al. 2007; Jakobsson et al. 2009). For example, Lopezaraiza-Mikel et al. 
(2007) found facilitative effects of invasive Impatiens glandulifera on pollinator visitation to 
native plants. They speculated, however, that competition could be occurring at larger scales if
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highly mobile insects like Bombus spp. or Apis mellifera are being drawn to the invasive plant 
patch, leaving plants further away, outside their experimental plots, in a deficit for pollinator 
services. In another example, Jakobsson et al. (2009) compared pollinator visitation rates to 
native plants in three treatments: 1) large scale areas infested with invasive plants, 2) large scale 
areas infested with invasive plants with small scale plots where the invasive plant was removed, 
and 3) large scale uninvaded areas. They found that pollinator visits to native plants in the small 
scale removal plots were greater than in large scale invaded sites or in uninvaded sites. These 
studies suggest that the native plants may be experiencing diverse, and perhaps contrasting, 
reproductive outcomes depending on their proximity to the invasive plant patch.
Only a few studies have considered the role distance from invasive plant patch plays in 
reproductive interactions between invasive and native plants (Moragues and Travaset 2005; 
Nielsen et al. 2008; Takakura et al. 2011; Cawoy et al. 2012). The native plant species in these 
studies typically had highest visitation rates or non-native pollen deposition levels immediately 
adjacent to the invasive plant patch (Moragues and Travaset 2005; Nielsen et al. 2008; Takakura 
et al. 2011, Cawoy et al. 2012). Distance from the invasive patch had no effect (Moragues and 
Travaset 2005, Nielsen et al. 2008, Cawoy et al. 2012) or an inconsistent effect (Takakura et al. 
2011) on the seed set of the native plants in these studies.
In boreal forest ecosystems, the distance between an insect-pollinated plant and a patch of 
abundant invasive flowers may be particularly important in determining the reproductive 
consequences. Boreal forest ecosystems tend to have fewer flowering species, smaller pollinator 
pools, and shorter flowering periods than most other ecosystems (Kevan et al. 1993). Thus 
competition for pollinator service is expected to be particularly high. Second, most non-native 
species that have established in boreal forest ecosystems occur in relatively small patches where 
they have spread off the human disturbance footprint (Rose and Hermanutz 2004; Bella 2011;
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Sanderson et al. 2012; AKEPIC 2014), so invasive plant impacts are not diffused across broad 
areas. An invader with large numbers of flowers and high nectar rewards could draw pollinators 
from substantial distances, leaving plants far from the patch in a deficit for pollinator services 
during a short boreal flowering season.
Melilotus albus Medik. (M. albus, sweetclover), is a highly rewarding invasive plant, 
which has established along much of the anthropogenic footprint in Alaska and has incipient 
populations within intact boreal forests. M. albus is native to Eurasia and was introduced to 
Alaska in 1913 as a potential cold-hardy forage and nitrogen-fixing crop (Irwin 1945, Klebesadel 
1992), and now occurs throughout Alaska from as far south as Metlakatla (55.122 °N, - 131.561 
°W) to north of Coldfoot (67.286 °N, -150.171 °W) at the base of the Brooks Mountain Range 
(AKEPIC 2014). Aside from several roadsides and a few glacial river floodplains where large 
continuous patches have established (Conn et al. 2008; Spellman and Wurtz 2011), it occurs only 
in small discreet patches within intact boreal forest sites (Villano and Mulder 2008; AKEPIC 
2014; Spellman et al. 2014). Particularly in comparison to native boreal insect-pollinated plants, 
M. albus offers considerable nectar and pollen resources to floral visitors (Peterson 1989, 
Malacalza et al. 2005, Tepedino et al. 2008) with an extremely high number of flowers per plant 
(up to 350,000 flowers per plant; Royer and Dickinson 1999).
In 2011 and 2012, we added M. albus patches of two different sizes to sites with native
Vaccinium vitis-idaea L. (lingonberry or lowbush cranberry) and Rhododendron groenlandicum 
(Oeder) Kron & Judd (formerly Ledum palustre ssp. groelandicum; Labrador tea) dominant in 
the understory, and compared them to control sites with no M. albus. Both native boreal species 
overlap in flowering periods and share pollinators with M. albus (Chapter 2). V. vitis-idaea and 
R. groenlandicum are self-compatible (Jacquemart and Thompson 1996; Jacquemart 1997; 
Wheelwright et al. 2006). Both species, however, have decreased fruit and seed set when insect
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pollinators are excluded and increase fruit set and seed production when they are supplemented 
with outcross pollen (Hall and Beil 1970; Froborg 1996; Jacquemart and Thompson 1996; Davis 
2002; Wheelwright et al. 2006).
We previously reported on the mean differences in pollination and subsequent 
reproduction between sites with and without M. albus additions at a coarse scale (Chapter 2).
We found that at the site level, pollinator activity and diversity increased when M. albus was 
added to sites. The number of V. vitis-idaea seeds per fruit increased when we added a large 
number (120) of M. albus plants compared to sites with a low number (40) of M. albus added 
and control sites. R. groenlandicum pollination rates modestly decreased with increasing 
numbers of M. albus flowers. In the present study, we investigate the spatial pattern of these 
effects within our sites and ask two questions: 1) does the distance from the invasive plant patch 
affect pollination and seed production of V. vitis-idaea and R. groenlandicum? and 2) does the 
relationship between distance from the invasive plant patch and native plant pollination and 
reproductive success vary with different M. albus patch sizes?
Methods
Study area
Sites were located within the Bonanza Creek Boreal Long Term Ecological Research 
Program (BNZ LTER) research areas near Fairbanks, Alaska (Bonanza Creek Experimental 
Forest, 64.709 °N, -148.326 °W, and Caribou and Poker Creeks Research Watershed, 65.141 °N, 
-147.457 °W). Sites were selected to contain abundant flowering V. vitis-idaea and R. 
groenlandicum in the understory. Dominant tree species at the sites included Betula 
neoalaskana Sarg., Populus tremuloides Michx., Picea glauca (Moench) Voss, and Picea 
mariana Mill. Other insect-pollinated native species flowering at the sites at the time of the 
experiment included Cornus canadensis L., Geocaulon lividum (Richardson) Fernald,
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Moehringia lateriflora (L.) Fenzl, Rosa acicularis Lindl., Rubus chamaemorus L., Salix spp. L., 
Vaccinium uliginosum L., and Viburnum edule (Michx.) Raf. M. albus did not occur at any of 
these sites. Compared to the 30-year average precipitation and temperature for June (3.6 cm, 15.4 
°C), in 2011 precipitation was higher and temperatures were close to average (4.5 cm, 15.8 °C), 
and in 2012 precipitation was close to average but temperatures where substantially higher (3.5 
cm, 16.4 °C; Alaska Climate Research Center 2014). During the flowering period of V. vitis- 
idaea and R. groenlandicum at our sites we measured 173 hours of rain and a mean temperature 
of 13.6 oC in 2011 and 97 hours of rain and a mean temperature of 15.0 oC in 2012. 
Experimental design
In 2011, we selected 17 sites spaced >300 m apart to minimize pollinator movement 
between sites. Sites were circular and extended 40 m in all directions from the site center (Figure 
1). Within each site, 25 circular plots were established for each of the occurring focal species (1 
m2 plots for V. vitis-idaea, and 1.77 m2 plots for R. groenlandicum). Five plots for each focal 
species present at the site were placed within five distance ranges from the site center: 1 to 2 m, 3 
to 5 m, 8 to 10 m, 15 to 20 m, and 25 to 40 m (Fig. 3.1). Within these plots, five V. vitis-idaea or 
five R. groenlandicum stems were marked for tracking fruit and seed production.
Eleven sites were randomly assigned to have 40 flowering M. albus plants that were 
grown in a greenhouse added to the site center (designated “Mel40”), and six were control sites 
(no M. albus added). The sites contained one or both of the focal native species, with 16 sites 
containing V. vitis-idaea (6 control and 10 Mel40) and 15 sites containing R. groenlandicum (4 
control and 11 Mel40).
In 2012, we discontinued the site that did not have V. vitis-idaea and added two new sites 
to bring the total number of sites to 18. To address the influence of invasive plant patch size on 
the reproductive success of our focal species, we added a higher M. albus addition level to our
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design in 2012 (120 plants added, designated “Mel120”). The eighteen sites were allocated to 
each of the three treatment levels: control, Mel40, and Mel120 (6 sites each). To compare years 
directly, we retained the same treatments in six of the sites (3 control and 3 Mel40 sites). The 
remaining three control sites, three Mel40 sites and six Mel120 sites were randomly assigned. In 
2012, 18 sites contained V. vitis-idaea (6 control, 6 Mel40, and 6 Mel120) and 14 sites contained 
R. groenlandicum (4 control, 6 Mel40, and 4 Mel120).
M. albus was added to the Mel40 or Mel120 sites at the time that V. vitis-idaea and R. 
groenlandicum flower buds emerged, but had not yet opened. M. albus were grown in the 
greenhouse in “conetainer” pots (7 cm diameter at the top, 22 cm in length); each pot contained 
one individual with 5 to 181 inflorescences (mean of 49 ± 18 flowers per inflorescence). Either 
40 or 120 pots were placed in the center of the site in holes of similar dimensions so that the top 
of the pot was flush with the ground surface. M. albus density was 15 plants per m2, resulting in 
patch sizes of approximately 2.6 m2 and 8 m2. The number of inflorescences added to each site 
ranged from 334 to 942 (16,366 to 46,158 total flowers) for Mel40 sites and 1068 to 1608 
(52,332 to 78,792 total flowers) for Mel120 sites. The addition levels we used (Mel40 and 
Mel120) were comparable to the patch sizes found within burned boreal forest in interior Alaska, 
which are typically in the earliest of invasion stages where they occur (Villano and Mulder 
2008). Once flowers of focal native species had dropped their petals (18-28 days afterM. albus 
addition), M. albus was removed from the sites. To prevent accidental introductions, we removed 
any immature seeds that appeared on the M. albus plants throughout the duration of the 
experiment. Sites were also visited a year following the experiments to confirm that no M. albus 
plants were present.
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Pollination
We collected V. vitis-idaea and R. groenlandicum stigmas from randomly selected open 
flowers near each of our marked focal plants. We did not take stigmas from marked plants to 
avoid interfering with fruit set. Three (in 2011) or five (in 2012) V. vitis-idaea and five R. 
groenlandicum stigmas were collected from each of the 25 plots in each site approximately 14 
days after the M. albus was added. The stigmas were mounted on microscope slides and stained 
with a basic fuscin gel (Kearns and Inouye 1993). Each tetrad (in the case of R. groenlandicum 
and V. vitis-idaea pollen) or pollen grain (all other species) on the stigma was identified to genus 
(using anthers collected from all flowering species at the sites for reference) and counted under a 
compound light microscope. We calculated the percent of well-pollinated flowers in each plot 
using these pollen counts. Flowers were considered to be “well-pollinated” when they had > 10 
conspecific pollen tetrads on the stigma. We selected this threshold because fruit production 
increases sharply at this pollen level for both focal species in control plots (data not shown). Few 
stigmas had zero pollen grains on them, making presence or absence of pollen inadequate to 
detect variation in proportion of flowers that were pollinated.
Proportion of heterospecific pollen grains on the stigmas was low across all sites (3.2 ± 
0.3 % for V. vitis-idaea and 0.8 ± 0.2 % for R  groenlandicum). In sites where M. albus was 
added, the mean percent M. albus pollen of total pollen grains on a stigma was also very low (0.4 
± 0.1 % for V. vitis-idaea and 0.1 ± 0.03 % for R. groenlandicum, typically one or two grains 
where it occurred). We recorded the range of distances where we detected M. albus pollen on 
focal stigmas to provide a sense of the potential scale at which M. albus could influence 
pollinator behavior within our sites.
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Seed production
To determine seed production per fruit in V. vitis-idaea we dissected up to 5 berries per 
marked plant and counted the number of seeds produced under a dissecting microscope. For R. 
groenlandicum, which has minute seeds that are released as the fruit ages and dries, we dried 
inflorescences at 65 °C until the fruits opened and released the seeds. The weight of the seeds 
was divided by the number of fruits on the inflorescences to derive seed mass per fruit.
Native vegetation characteristics
We could not randomly select the location of the center of the site because of the 
requirement for at least 25 flowering individuals 1-2 m from the center. Therefore, site centers 
had to be placed within a relatively dense patch of V. vitis-idaea and R. groenlandicum. To 
detect if this logistical constraint may have affected other vegetation characteristics within our 
different distance categories or driven any of our results, we measured biotic variables at each 
plot that we expected to influence our response variables. Tree canopy cover was estimated for 
each of the 25 plots using a convex spherical crown densiometer (Model A; Forest 
Densiometers, Bartlesville, Oklahoma, USA) on the north and south edges of the plot. To 
provide an estimate of flower abundance and richness, we counted the number of open 
heterospecific and conspecific flowers and flower buds present for each insect-pollinated species 
within each of the 25 plots per site at the time of M. albus addition.
Analysis
We performed the statistical analyses using SAS v.9.1 (SAS Institute, Cary, North 
Carolina). We used percent flowers receiving > 10 pollen tetrads (“% pollinated flowers”) and 
number of seeds per fruit for V. vitis-idaea or seed mass per fruit for R  groenlandicum (“seeds 
per fruit”) as our response variables. Mean R. groenlandicum seed mass per fruit for each plot 
was square root transformed to meet the assumptions of normality and constant variance. We
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isolated the response of our focal plants in relationship to distance from the site center within our 
sites by calculating the residuals of our response variables in each five distance categories within 
our sites (1- 2 m, 3 - 5 m, 8 - 10 m, 15 - 20 m, and 25 - 40 m) relative to the site mean. We used 
measured values in our previously reported study on the site-level effects of M. albus addition, 
and use residuals here to eliminate the high variation among sites and isolate the within-site 
effects. Due to large differences in our response variables in the two years of our study at the 
between-site scale, we performed the analysis separately for each year. Using mean residuals for 
each distance category from each site, we conducted ANCOVA to determine if the relationships 
between distance and our response variables differed between treatment levels when we treated 
distance as a continuous variable (the ln-transformed mean value of each distance category).
Because of the possibility of a non-linear relationship, we also conducted MANOVA 
using only the residuals from the first four distance categories in each site to test if treatment 
could explain the variation in responses across the distance categories. We omit one distance 
category to avoid violating the assumption of independence, because the sum of all five residuals 
is equal to zero. We use the MANOVA approach rather than individual ANOVAs at testing for a 
treatment effect each distance category to reduce the risk of committing type I error. We tested 
for a relationship between distance from site center and native vegetation characteristics within 
our sites using correlation analysis. Due to high variation among sites, we used the residuals of 
these native vegetation variables in each distance category relative to the site-level mean for the 
analysis.
Results
Distance range of M. albus pollen deposition
In sites where it was added, M. albus pollen was detected on both V. vitis-idaea and R. 
groenlandicum stigmas from the edge of the invasive plant patch to the outermost plots in our
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sites (40 m from the site center; Table 3.1).
M. albus effect and distance
V. vitis-idaea- We found little evidence that M. albus addition altered the relationship 
between distance from the site center and V. vitis-idaea percent flowers pollinated or seeds per 
berry in either year of our study (Fig. 3.2, Fig. 3.3). Similarly, we did not detect any significant 
effect ofM. albus treatment level in our MANOVA analysis for 2011 or 2012 (Table 3.2).
R. groenlandicum- Control sites showed greater increases in seed mass per fruit with 
distance from the site center than the Mel40 sites in 2011 (Fig. 3.4; ln(distance)* treatment 
interaction F(1,69) = 4.37, p  = 0.04). In 2012, the residuals for percent R. groenlandicum flowers 
pollinated had a significant positive relationship with distance from the site center in control sites 
(p  = 0.03) but not in Mel40 or Mel120 sites (Fig. 3.4). The same pattern occurred for seed mass 
per fruit in 2012 (Fig. 3.4), but the positive relationship between distance from site center and the 
residuals of seed mass per fruit was only marginally significant in the control sites (p = 0.06). 
When we treated distance as a categorical variable, we observed similar trends (though non­
significant in our MANOVA analysis; Table 3.2). The percentage of R. groenlandicum flowers 
pollinated in the 25 - 40 m distance category tended to be higher in control sites than in sites with 
M. albus added for both years (Fig. 3.5a,c) and the seed mass per fruit 1 - 2 m from the site 
center tended to be lower in control sites than inM. albus addition sites (Fig. 3.5b,d).
Native vegetation and distance
Both the total number of all flowers and the number of R. groenlandicum flowers in plots 
increased with increasing distance from the site center within our sites (correlations between 
ln(distance) and residuals: all flowers- Pearson’s r = 0.31,p  = 0.002; R. groenlandicum flowers- 
r = 0.30, p  = 0.009). The distance from the site center was not correlated with tree canopy cover 
(r = -0.05, p  = 0.59), flower richness (r = 0.15, p  = 0.15), and number of V. vitis-idaea flowers (r
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= 0.20, p  = 0.06) within the sites. V. vitis-idaea flowers comprised 36 ± 6 % and R. 
groenlandicum flowers comprised 75 ± 2 % of the total number of flowers in the plots in sites 
where they occurred.
Discussion
Many field studies on the effects of invasive plants on pollination and reproduction of 
native plants use small scale plots where invasive plants are dispersed throughout (Lopezaraiza- 
Mikel et al. 2007; Bartomeus et al. 2008; Munoz and Cavieres 2008; Bartomeus et al. 2010; 
Flanagan et al. 2010; Da Silva et al. 2013). There are many cases, particularly in very recently 
invaded sites, where applying results from these studies may lead to misleading inferences about 
the reproductive consequences to native plants. For example, species-poor plant communities 
with few pollinators, as is generally the case in the boreal forest, are expected to be vulnerable to 
even small patches of an abundantly flowering invasive plant likeM. albus (cf. Carlson et al. 
2008). We detected M. albus pollen on both V. vitis-idaea and R. groenlandicum stigmas up to 
40 meters from the center of the invasive plant patch, the furthest distances we sampled. This 
finding suggests that small patches of an entomophilous invasive plant can affect the pollinators 
of native co-flowering boreal species at larger spatial scales than anticipated based on the 
existing body of literature.
The distance from the invasive plant patch affected the relationship between M. albus and 
the pollination and reproductive success of R. groenlandicum, but not of V. vitis-idaea. This 
finding is consistent with Moragues and Travaset (2005) who found that distance from invasive 
Carpobrotus had a different effect on the pollination of two different native plant species. In the 
instances where they detected invasive plant pollen on native Cistus salviifolius stigmas, it was 
only for plants less than 10 m away from invasive plant patch, while invasive plant pollen was 
only found on Lotus cytisoides stigmas greater than 30 m away. Similarly, Cawoy et al. (2012)
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saw greater increases in bumblebee visitation rates with increasing proximity to the Impatiens 
glandulifera patch for Chamerion angustifolium than for Acontium napellus (Cawoy et al.
2012).
As a result of our site design, the number of R. groenlandicum flowers per plot increased 
at greater distances from the site center within our sites. There was not a strong relationship 
between distance and the abundance of V. vitis-idaea flowers. This trend helps to explain the 
positive relationship between distance and the R. groenlandicum pollination and seed production 
in the control sites. Fewer R  groenlandicum flowers in the plots near the center of the site likely 
decreased attractiveness of the plot for visiting pollinators (cf. Bosch and Waser 2001) and 
increases the probability of self-pollination, which reduces seed set in R. groenlandicum 
(Wheelwright et al. 2006). The addition ofM. albus appears to compensate for the lower number 
of R. groenlandicum flowers at the site center and reduce the effect of distance on seed 
production. This result suggests that the relative orientation of an invasion front and spatial 
patterns of the native plants can have important consequences for the impact an invasive plant 
has on pollination and reproduction.
The degree of shared pollinators between the M. albus and the native flowers also helps 
explain why we saw a difference in the role of distance in invasive-native reproductive 
interactions between our two focal species. A concurrent study at our sites found that R. 
groenlandicum shared a greater number of visiting pollinators with M. albus than V. vitis-idaea 
(L. Schneller, unpublished data). In 2012, M. albus tended to increase the percentage of flowers 
that were well-pollinated close to the site center relative to the control sites, suggesting M. albus 
is attracting pollinators to the center of the site. If this is the case, R. groenlandicum flowers 
close to the invasive plant patch may benefit from the increased availability of compatible 
pollinators. This is explanation is consistent with the findings of Nielsen et al. (2008), who found
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increased visitation rates to a native plant species directly adjacent to an invasive plant patch, but 
not at further distances, and attributed the result to a “magnet effect” on shared pollinators. 
Similarly, a bumblebee species was noted to forage indiscriminately between the native C. 
angustifolium and adjacent invasive I. glandulifera, which increased visitation rates at 0 m, but 
not 15 m from the invasive plant patch (Cawoy et al. 2012).
At the site scale, the abundance of M. albus added to the site was important to 
determining the overall impact of the invasive on the pollination and reproduction of both our 
focal species (Chapter 2). Our present study shows that the spatial pattern of these effects within 
the sites, however, did not vary with the invasive plant abundance level. This departs from the 
previous studies that have found important interactions between the invasive plant abundance 
and distance from nearest invasive plant in explaining the reproductive consequences for native 
plants (Takakura et al. 2011, Cawoy et al. 2012). However, by using residuals for our analysis, 
we were able to isolate distance effects within our sites, then ask if the pattern was different 
when different abundances of invasive plant were added, which these studies did not do. It is also 
possible that the spatial distribution of reproductive interactions between M. albus and the native 
focal species would have differed had we used even greater abundances of M. albus, similar to 
the abundances in invaded sites along roadsides and rivers. Further, we do not know what 
happens to pollination and seed production of the native focal species beyond 40 m from M. 
albus, which may have differed between our two M. albus abundance levels. Further research is 
needed to address the impacts of invasive plants in the boreal forest at larger spatial scales and at 
higher abundances.
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Table 3.1 Range of distances from the site center where M. albus pollen was detected on V. 
vitis-idaea and R. groenlandicum stigmas for each year andM. albus addition level.
Species Year Treatment
# stigmas 
with M. albus 
pollen / total
# stigmas
% 
stigmas 
with Mel 
pollen
Min - max 
distance 
(m)
V. vitis-idaea 2011 Mel40 54 / 673 8.0 % 1.2 -  38.5
2012 Mel40 28 / 594 4.7 % 1.6 -  40.0
Mel120 31 / 589 5.3 % 1.6 -  37.5
R. groenlandicum 2011 Mel40 67 /1115 6.0 % 1.3 -  40.0
2012 Mel40 3 / 621 0.5 % 4.4 -  16.7
Mel120 9 / 388 2.3 % 11.6 -  32.3
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Table 3.2 M A N O V A  resu lts  fo r m o d els  tes tin g  f o r M . a lb u s  ad d ition  trea tm en t e ffec t on  the  
re s id u a ls  o f  p e rcen t flo w ers  p o llin a ted  and  n u m b er o f  seeds p e r fru it (fo r V. v itis-id a ea )  o r square 
ro o t seed  m ass (g) p e r fru it (fo r R. g ro en la n d icu m )  ac ross the  f irs t fo u r d istan ce  ca teg o ries  from  
th e  site cen te r (1-2 m, 3-5 m, 8-10 m, 15-20 m).
Focal Species Y ear
R esiduals of p e rcen t flow ers
po llina ted
R esiduals of seeds (o r sq rt seed 
m ass) p e r fru it
Wilks'
I F
num denom 
df df P
Wilks'
I F
num
df
denom
df p
V. vitis-idaea 2011 0.74 0.69 4 8 0.62 0.54 2.10 4 10 0.16
2012 0.58 0.93 8 24 0.51 0.52 1.07 8 22 0.42
R. groenlandicum 2011 0.56 1.96 4 10 0.18 0.78 0.56 4 8 0.78
2012 0.60 0.36 8 10 0.92 0.22 2.00 8 14 0.12
106

Figure 3.1 Site layout used to investigate the role of distance from invasive plant patch on 
pollination and sexual reproduction of native ericaceous plants. Native plant focal plots were 
established at five distance categories from the site center (1-2 m, 3-5 m, 8-10 m, 15-20 m, and 
25-40 m). Five sampling and observation plots for V. vitis-idaea and/or five plots for R. 
groenlandicum were allocated to each distance category. Control sites had no M. albus added, 
while M. albus addition sites had 40 or 120 potted individuals added to the site center.
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Figure 3.2 Relationship between ln-transformed distance from site center and residuals of 
Vaccinium vitis-idaea percent flowers pollinated (A, C) and seeds per fruit (B, D) in control 
sites, and sites with 40 M. albus or 120 M. albus added in 2011 and 2012. Residuals for each 
distance category in each site were calculated as the difference from the site mean. Regression 
equations for each treatment and the significance of the ANCOVA ln(distance) by treatment 
interaction term are shown for each response variable in each year. “N.S.” is “not significant.”
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Figure 3.3 Mean (± s.e.) residuals of Vaccinium vitis-idaea percent flowers pollinated and seeds 
per fruit for each distance category in control sites, and sites with 40 M. albus or 120 M. albus 
added in 2011 and 2012. Residuals for each distance category were calculated as the difference 
from the site mean and averaged across all sites for the treatment in each year. No significant 
treatment effects (p < 0.05) were detected for either variable in either year.
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Rhododendron groenlandicum 
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Figure 3.4 Relationship between ln-transformed distance from site center and residuals of 
Rhododendron groenlandicum percent flowers pollinated (A, C) and seeds per fruit (B, D) in 
control sites, and sites with 40 M. albus or 120 M. albus added in 2011 and 2012. Residuals for 
each distance category in each site were calculated as the difference from the site mean. 
Regression equations for each treatment and the significance of the ANCOVA ln(distance) by 
treatment interaction term are shown for each response variable in each year. “N.S.” is “not 
significant.”
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Figure 3.5 Mean (± s.e.) residuals of Rhododendron groenlandicum percent flowers pollinated 
and seed mass per fruit (g x 10-3) for each distance category in control sites, and sites with 40 M. 
albus or 120 M. albus added in 2011 and 2012. Residuals for each distance category were 
calculated as the difference from the site mean and averaged across all sites for the treatment in 
each year. No significant treatment effects (p < 0.05) were detected for either variable in either 
year.
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CHAPTER 4
Validating herbarium-based phenology models using citizen science data1
1Spellman KV, Mulder CPH. Validating herbarium-based phenology models using citizen science data. Manuscript 
prepared for submission to the journal BioScience.
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Abstract
Both herbarium specimens and citizen science observations have become increasingly 
popular sources of phenology data for investigating the consequences of a warming climate. We 
developed and tested a novel technique that uses high quality citizen science observations to 
provide an independent validation of phenology models derived from herbarium specimens. We 
demonstrate the technique using flowering phenology of three species that overlap in flowering 
times and share pollinators: one non-native species (Melilotus albus) and two native berry- 
producing species (Vaccinium vitis-idaea and V. uliginosum). We used data from across northern 
North America that spanned 120 years to develop models of historical flowering and fruiting 
phenology. We validated the models using data collected by citizen scientists at 93 phenology 
monitoring sites across Alaska from 2012 to 2013. Using this approach we were able to evaluate 
the strengths and weaknesses of the herbarium dataset. We found that our models were valid for 
providing an understanding of the relative shifts in phenology of our species across space and 
time, but needed further calibration to provide accurate predictions for specific dates and 
locations. Our results support the notion that herbarium data are valid for addressing questions 
such as testing for shifts in phenology over time. This approach is applicable to other aspects of 
herbarium data, such as changes in leaf-out, senescence, or first-flowering dates. Further, by 
actively engaging citizens in the research process, this method can provide social and educational 
benefits that other model validation techniques cannot provide.
Key Words
Climate change, community-based monitoring, flowering, invasive species, natural history 
collections, public participation in scientific research
115
Introduction
A solid understanding of phenology, the timing of biolological events, has become 
increasingly important for advancing our ability to forecast the consequences of global climate 
change (Penuelas and Filella 2001, Parmesan and Yohe 2003). Plant phenology is particularly 
sensitive to climate cues (Badeck et al. 2004, Estrella et al. 2007, Forrest and Miller-Rushing 
2010) and the direction and magnitude of changes in phenology among different species can 
have significant consequences for plant reproduction (Hegland et al. 2009, Kudo 2014), 
community structure (CaraDonna et al. 2014), ecosystem processes (Fridley 2012), trophic 
interactions (Visser et al. 2012), species distributions (Chuine 2010, Hulme 2011), and 
biosphere-atmosphere climate feedbacks (Penuelas et al. 2009, Richardson et al. 2013). 
Researchers have increasingly turned to two sources of data that can span the vast spatial and 
temporal scales necessary to address these issues: herbarium specimens and citizen science 
observations.
Over the past decade, herbarium records have become a popular source of historical plant 
phenology data for global change research (Primack et al. 2004, Miller-Rushing et al. 2006, 
Lavoie and Lachance 2006, Gallagher et al. 2009, Neil et al. 2010, Robbirt et al. 2011, Calinger 
et al. 2013, Everill et al. 2014, Hart et al. 2014). Herbarium specimens include dates and 
collection locations, are found among natural history collections all over the globe, and have 
been collected over long time scales (more than a century in North America and multiple 
centuries in Europe, for example). These attributes make them effective tools with which to 
model plant responses to climate over long time periods, multiple species, and large spatial 
scales (Miller-Rushing et al. 2006). Despite these benefits, non-random, opportunistic collection 
efforts are likely to result in biases in herbarium data sets. Strong geographic biases have been 
demonstrated in biodiversity collections, including herbarium collections, with sample locations
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tending to be clustered in easily accessible locations (e.g. near cities or along rivers and 
roadsides) or in nature reserves (Reddy and Davalos 2003, Kadmon et al. 2003, Sanchez- 
Fernandez et al. 2008, Schmidt-Lebuhn et al. 2012). Other herbarium collection biases include 
underrepresentation of plants that are spiny, small, or have green or brown inflorescences 
(Schmidt-Lebuhn et al. 2013). These biases toward certain growth forms and micro-climates 
(such as urban or roadside heat bubbles; Kadmon et al. 2003) could skew predictions of 
phenology derived from herbarium data. Further, collectors may be more inclined to select plants 
that are in full flower when they are easiest to accurately identify. As a result, models derived 
from herbarium records could over-estimate the length of time a species is in peak flower 
(Miller-Rushing et al. 2006).
In light of these biases, several approaches from traditional plant phenological research 
have been used to validate herbarium-based phenology models. Two common validation 
techniques include correlational approaches comparing herbarium model predictions with either 
on-the-ground observations by scientists or satellite imagery of vegetation greening (Primack et 
al. 2004, Bolmgren and Lunnberg 2005, Miller-Rushing et al. 2006, Robbirt et al. 2011, Park 
2012). Field-based observations of phenology have the ability to capture the phenological stages 
at daily or weekly intervals and cover a large diversity of species. This method of data collection 
for validation, however, is limited in both spatial and temporal scale, with teams of scientists 
typically only having the resources to cover a few field sites over a few years (Primack et al. 
2004, Miller-Rushing et al. 2006). Satellite imagery, such as MODIS (“Moderate Resolution 
Imaging Spectroradiometer”) measurement of green-up or senescence, offers a phenology data 
source where larger scales can be investigated and vast quantities of data can be accumulated 
much more easily than in field studies (Zhang et al. 2003, White et al. 2009, Park 2012). This 
source of data, however, only offers an ecosystem-level perspective on phenology. Because the
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resolution for the landcover data is 250 m, in most cases it cannot distinguish between the 
phenological patterns of individual species, making the approach only suitable for validation of 
herbarium-based models that aggregate phenological responses of multiple species (Park 2012). 
Because of the spatial and temporal limitations of expert field-observation datasets and the 
inability to identify different species in MODIS imagery-based data, neither of these approaches 
are very good for identifying the strengths and weaknesses of herbarium datasets.
Citizen science programs, partnerships between scientists and non-scientists to conduct 
authentic scientific research (Conrad and Hilchey 2011, Jordan et al. 2012), have also become 
increasingly used as a source of phenological data to investigate the growing array of global 
change questions (Vasseur et al. 2001, Morisette et al. 2009, Beaubien and Hamann 2011a, 
Hurlbert and Liang 2012, Wolkovich and Cleland 2011). Because citizen science volunteers 
typically span a diversity of backgrounds, age groups, and experience levels with scientific data 
collection, the quality of the data produced by citizen science efforts has been under scrutiny 
(Conrad and Hilchey 2011, Bonney et al. 2014). Substantial efforts have been made to 
investigate the quality of data collected by volunteers relative to the same data collected by 
professional scientists (McLaren and Cadman 1999, Engel and Voshell 2002, Fore et al. 2001, 
Newman et al. 2003, Foster-Smith and Evans 2003, Danielsen et al. 2005, Delaney et al. 2008, 
Crall et al. 2011, Danielsen et al. 2014). The general consensus among these studies is that 
citizen science projects with quality volunteer training, appropriate oversight, and easy data 
collection protocols (e.g. presence/absence data or counts rather than cover estimates or 
complicated species identification) produce data of comparable quality and accuracy to expert­
generated datasets. Plant phenology citizen science programs such as the USA National 
Phenology Network (USA-NPN), Canada PlantWatch, Project BudBurst, and Global Learning 
and Observations to Benefit the Environment Program (GLOBE) have met these criteria by
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monitoring easily identifiable species, using clear-cut categories for phenological phases 
(“phenophases”), providing high quality training opportunities, and offering ongoing 
communication and oversight for volunteers (Betancourt et al. 2007, Mayer 2010, Beaubien and 
Hamann 2011b, Denny et al. 2014). Datasets from all these programs have been used in studies 
that have stood up to rigorous scientific peer-review (Vasseur et al. 2001, Gazal et al. 2008, 
Morisette et al. 2009, Beaubien and Hamann 2011a, Wolkovich and Cleland 2011, Liang and 
Schwartz 2014).
Like satellite-based phenology datasets, the citizen science approach can cover large 
spatial scales and rapidly accumulate large quantities of data (Devictor et al. 2010). Like field- 
observation datasets made by professional scientists, citizen science also offers taxonomically 
discrete observations and random sampling of individual plants within sites. The citizen science 
approach also offers social benefits that other sources of validation data cannot provide, 
including increases in pro-environmental behaviors, scientific literacy, and sense of place among 
the volunteers (Brossard et al. 2005, Evans et al. 2005, Bonney et al. 2009, Crall et al. 2013; see 
Appendix A).
In this paper, we propose and test a novel method of using citizen science data to validate 
herbarium-based phenology models. We demonstrate this method using a research project that 
investigated the flowering phenology of an invasive plant (Melilotus albus Medik., 
“sweetclover”) relative to two native berry-producing plant species (Vaccinium vitis-idaea L., 
“mountain cranberry” or “lingonberry,” and Vaccinium uliginosum L., “bog blueberry”) that 
overlap in flowering times and share pollinators in the boreal forest. In experiments where the 
flowering times of these species fully overlapped, M. albus altered the pollinator community that 
services the berry species and increased seed production in V. vitis-idaea (Chapter 2). We expect 
that the extent of the overlap in flowering times would influence the strength of these
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interactions. To look at variation in flowering overlap across the geographic ranges of these three 
species in boreal and arctic North America, we assessed the phenophases of > 2,100 herbarium 
specimens. We use data from a complementary citizen science program we developed in Alaska 
called the Melibee Project (“Meli” for Melilotus, and “bee” for the primary guild of pollinators it 
shares with the two Vaccinium species) to test and validate these models.
Of the general functions of biological models, system understanding, system control, and 
prediction (Haefner 2005), we are most interested in validating the herbarium models to offer 
system understanding. That is, we hope to determine whether the herbarium dataset is valid for 
investigating questions such as “has the time of flowering changed?” or “have there been greater 
shifts at high latitudes than at low latitudes?” Our future goal is to use the validated models to 
look at relative shifts in phenology between the focal species to identify locations where the 
flowering times might overlap the most. We explore three primary questions based on these 
validation goals for the methodological demonstration in this manuscript: 1) Are the models 
produced by the herbarium dataset valid for understanding relative differences in phenology 
through space and time? 2) Does adding geographic information improve the models compared 
to models using only date as a predictor variable? and 3) Can the models predict flowering dates 
for specific years and locations?
Herbarium-based model development
We retrieved V. uliginosum, V. vitis-idaea, and M. albus specimens from the herbaria at 
the University of Alaska Museum of the North, New York Botanical Garden, University of 
Washington Burke Museum, the Canadian Museum of Nature, University of Connecticut Torrey 
Herbarium, Royal Ontario Museum, University of Manitoba Herbarium, and Churchill Northern 
Studies Center. We limited our sampling effort to specimens that had reproductive structures 
present, both a date and location recorded, and occurred at 40 oN in latitude or higher in North
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America (Figure 4.1). To reduce the influence of any one location on the models we randomly 
selected 5 data points for any location with > 5 data points. We assessed the reproductive 
phenophase of each specimen by counting the number of flower buds, open flowers, petal drops 
(flowers where petals have fallen off but the ovary has not yet swollen), immature fruits, and 
mature fruits on all individuals on the sample. Each reproductive phenophase was assigned a 
weight (1 = bud, 2 = flower, 3 = petal drop, 4 = immature fruit, and 5 = mature fruit). We then 
calculated a relative phenophase score for each sample by multiplying the number of 
reproductive structures counted for each phase by its phenophase weight and dividing by the 
total number of reproductive structures counted. Since by 31 September fruit at all locations was 
mature, we deleted data points with later dates. Final sample sizes were 835 for V. ulignosum,
863 for V. vitis-idaea, and 442 for M. albus.
From each specimen label, we collected date, latitude, longitude, and elevation as 
predictor variables. Using Google Earth (Google 2015), we geo-referenced each sampling 
location and collected two additional geographic variables that we expected to strongly influence 
phenology and climate: the distance to the nearest coastline of a major body of water (ocean, sea, 
or the Great Lakes) and whether location was on an island or not. For each species we used 
multiple regression to explain phenophase in terms of Julian date, the square of the Julian date 
(to allow for a non-linear relationship between date and phenophase), latitude, the interaction 
between Julian date and latitude, longitude, elevation, distance to nearest body of water, and 
whether it was on an island, and retained those variables included in the model with the lowest 
AIC score (Burnham and Anderson 2002). We also produced simpler models that included only 
Julian date and (Julian date)2 (if retained following comparison of AIC scores).
Overall results for the herbarium models are shown in Table 4.1. As expected given the 
very large geographic area and long time period over which the data were collected, the models
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explained relatively little (37-60%) of variation in phenophase, and in all cases Julian date 
contributed the highest partial R2. However, most geographic variables were retained in the 
models and together they accounted for an additional 3-7% of the variation.
Citizen science data collection
From 2011-2013, we established and operated the Melibee Project citizen science 
network with dual education/outreach and research goals. The education and outreach goals for 
the network were to 1) engage public participants in meaningful research on the impacts of 
invasive plants to an important subsistence food resource in Alaska, and 2) increase knowledge 
and awareness of invasive plants, climate change, reproductive ecology of plants, and scientific 
practices among the participants. We had two primary research goals: 1) provide a current 
snapshot of the flowering overlap of our three focal species across the state of Alaska, and 2) 
create an independent source of phenology data that could be used to validate the herbarium- 
based phenology models.
To achieve the education and outreach goals of the project, we recruited and trained 
volunteers from a diversity of communities and backgrounds throughout Alaska. We trained all 
volunteers through either a distance-delivery online training or an in-person workshop prior to 
commencing data collection. Training opportunities ranged in length from one hour to intensive 
3-day workshops. Volunteers primarily consisted of families, K-12 educators & youth, 
environmental education camp participants, Alaska Native tribal and traditional council 
environmental programs, nature centers, land management agencies, and interested individuals. 
Approximately 250 volunteers actively participated in the research and submitted data.
To achieve the research goals, we developed a phenology monitoring protocol that matched the 
manner in which we collected the phenology data from the herbarium specimens (Appendix B). 
During the summers of 2012 and 2013, volunteers selected one or more of the focal species
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(sweetclover, blueberry or cranberry) to monitor and adopted 5 randomly selected reproductive 
individuals on which to quantitatively track phenology throughout the growing season. Once a 
week, or whenever possible, volunteers counted the number of flower buds, open flowers, petal 
drops, immature fruits, and mature fruits on each of their adopted plants. Data were submitted 
through an online portal (http://www.handsontheland.org/environmental-monitoring/melibee- 
project.html) or through direct communication with the research team. We ensured data quality 
by checking each submission for errors and by maintaining ongoing communication with 
volunteers to assist with any questions or complications that arose. Approximately 700 
observations (which we defined as a set of counts on the five plants for each unique date and 
location) were submitted from 93 monitoring sites throughout Alaska (Figure 4.2). The general 
weather patterns in Alaska varied between the two years of citizen science data collection giving 
us the ability to detect model over- or under- prediction of the observed values due to a warmer 
than average or cooler than average year. The growing season (June-Aug) temperatures across 
the state were on average 0.6 oC cooler than the 30 year average in 2012, and 1.2 oC warmer 
than average in 2013 (Wendler et al. 2012, 2013).
For each of the 700 observations we calculated the phenophase score across the 5 adopted 
plants in the same manner as we did for the herbarium specimens. We collected geographic 
variables for each site (latitude, longitude, and elevation), and used Google Earth to collect the 
additional predictor variables used for the herbarium specimens (distance to nearest coastline and 
island status). Most sites provided < 10 data points per species; to prevent undue influence from 
sites at which a lot of data were collected we randomly selected 10 data points from any site with 
> 10 data points.
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Model validation approach
We used regression analysis to compare the phenophase score predicted by the two 
herbarium-based models (the Julian date plus geographic predictor variables, referred to as the 
“geographic model;” and date + date2 alone, the “date model”) with the actual observations made 
by the citizen scientists. As the maximum value a phenophase could have was 5, predicted values 
>5 were reassigned a value of 5. To directly compare the prediction ability of the date and 
geographic models for each species, we used a type I ANOVA including first the Julian date 
model and then the geographic model, and tested if it significantly improved the model to 
include the geographic variables.
To test whether developmental rates (time between phenophases) were estimated 
correctly, we evaluated whether the slope of the regression line differed from 1. To determine 
whether the model consistently over- or under-predicted phenophases for the citizen scientist 
data (i.e., whether date of initiation of flowering was accurately predicted), we tested whether the 
intercept differed from 0. For a measure of overall model prediction bias, we used the 
simultaneous F  test for slope = 1 and intercept = 0 (Mayer and Butler 1993; Mayer et al. 1994; 
Haefner 2005). We also calculated the modeling efficiency (EF), an index of model fit that 
scales the model error to the variability of the observed data (Mayer and Butler 1993; Haefner 
2005). Negative EF  values are indicate poor performing models, and EF  values close to 1 
indicate a near perfect fit to the observed data (Mayer and Butler 1993). We tested for prediction 
bias with changes in latitude using regression of the difference between the observed and 
predicted phenophase values against latitude.
Validating herbarium-based phenology models
For all three species there was a high correlation between the phenophases predicted from 
geographic herbarium models and actual phenophase scores collected by citizen scientists (V.
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uliginosum: Pearson’s r = 0.84, n = 174; V. vitis-idaea: r = 0.88, n = 257; M. albus: r = 0.85, n = 
80; P  < 0.0001 for all). Regression analyses indicated that for all 3 species the ability of the 
predicted phenophases based on herbarium data to explain the phenophases observed by citizen 
scientists was better than the ability of the date and geographic data to explain the herbarium data 
themselves (Tables 4.1 & 4.2, V. uliginosum: R2 = 0.70 vs. 0.49; V. vitis-idaea: R2 =0.78 vs. 0.60; 
M. albus: R2 = 0.72 vs. 0.37).
For V. uliginosum, the actual phenophases were slightly higher than the predicted values 
based on the geographic dataset (Table 4.2, Fig. 4.3A) but the y-intercept was not different from 
0 (P = 0.14) and the slope was indistinguishable from 1 (P = 0.15). Overall model bias was 
significant for both the date model and the geographic model (Table 4.2). When separate 
regressions were run for 2012 and 2013, the y-intercept was not different from 0 in 2012 
(intercept = 0.006, P  = 0.98) but marginally different in 2013 (intercept = 0.40, P  = 0.06), 
consistent with the prediction that plants should be more advanced in a warmer year.
Furthermore, a comparison of the geographic model with the date model indicates that including 
geographic information in the model substantially improves the predictions (see bias and EF 
measures in Table 4.2; Fig. 4.3A vs. Fig 4.3B; type I ANOVA F(1,171) = 55.44, P  < 0.0001). This 
is consistent with our finding that V. uliginosum initiates flowering later at higher latitudes 
(significant latitude term in the geographic model) but also increases the rate of development of 
flowers to fruits as latitude increases (a significant date by latitude term). Neither the geographic 
model nor the date model had prediction bias with changes in latitude (date model: F(1,172) = 2.66, 
P  = 0.11; geographic model: F(1,172) = 1.44, P = 0.23).
Results for V. vitis-idaea for the geographic model are similar to those for V. uliginosum 
(Table 4.2, Fig. 4.3C), with a slope indistinguishable from 1 (P = 0.19), but with a small, 
significantly positive y-intercept (t(255) = 3.25, P  = 0.001) indicating that the predicted values
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consistently underestimated the observed values. Furthermore, the geographic model was not 
substantially better than the model based on dates alone at predicting phenophases (see bias and 
EF  measures in Table 4.2; Fig. 4.3C vs. 4.3D; type I ANOVA F(1,254) = 3.18, P  = 0.08). The y- 
intercept was again greater in 2013 (0.32 vs. 0.13), but neither was distinguishable from zero (P 
> 0.1 for both). Both models produced less accurate predictions with increases in latitude (date 
model: F(1,255) = 5.41, P  = 0.02; geographic model: F(1,255) = 13.51, P = 0.0003), but the 
predictions, on average, were off by less than 1 phenophase score (e.g. if the phenophase was 
predicted as flower, they were still being observed as in flower) at the highest latitude that was 
observed.
For M. albus the y-intercept of the geographic model was indistinguishable from zero and 
the slope was slightly greater than 1 (intercept P  = 0.28, slope P  = 0.03; Table 4.2, Fig. 4.3E). 
The geographic model was slightly better at predicting the observed phenophases than the model 
based on dates alone (see bias and EF  measures in Table 4.2; Fig. 4.3E vs. 4.3F; type I ANOVA 
F(1,77) = 5.90, P  = 0.018). The y-intercept was again greater in 2013 than in 2012 (-0.10 vs. -0.51) 
but neither was distinguishable from zero (P > 0.2 for both). The geographic model showed a 
significant, but slight tendency for less accurate predictions with increasing latitude, while the 
date model did not (geographic model: t(78) = 2.31, P  = 0.04; date model: t(78) = 1.36, P = 0.18).
Strengths and weaknesses of herbarium  dataset
Using the citizen science data as an independent data source for model validation, we 
were able to investigate the strengths and weaknesses of the herbarium data set. Our 
demonstration suggests that phenology data from herbarium records can create valid models with 
respect to our primary modeling objective, understanding the system. This is suggested, first, by 
the consistent ability of the geographic models to accurately show the relative change in 
phenophase for all three species. Second, the geographic models were better able to explain the
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phenophases observed by citizen scientists than the explanatory variables that contributed to the 
models were able to explain the phenophases of the herbarium data themselves. Historical 
herbarium records could indeed provide insight that is useful for addressing questions about the 
relative changes in plant phenology in a changing climate.
The herbarium-derived models we generated were not valid for accurate prediction of the 
phenophase for specific locations on a given date. For example, the Vaccinium spp. models all 
predicted the phenophase to be less advanced than what was actually observed, even in a 
relatively cool year (2012). V. vitis-idaea and M. albus geographic models also tended to 
produce less accurate predictions with increasing latitude. Further model calibration would be 
needed if predictions were the primary modeling goal. For two out of the three species we 
studied, the geographic data improved the ability to predict the citizen science observations 
compared to the date only models. This suggests that for most species it is worth the extra effort 
that is required to collect climate-related location data such as the distance to nearest coastline 
for each of the herbarium data points. This is consistent with other studies where climate-related 
corrections to herbarium-based phenology models were necessary to answer questions that 
address a large spatial scale (Lavoie and Lachance 2006). Using the number of growing degree 
days for the location (Euskirchen et al. 2014) or growing degree days since the disappearance of 
snow (Inouye and McGuire 1991) rather than Julian date would also likely improve the 
phenology predictions. Though labor intensive to gather this sort of fine scale data for each 
herbarium specimen, these measures help account for the variation in climate among the 
different years.
Applications and practical considerations
Our demonstration shows that citizen science plant phenology observations offer a novel 
source of data for validating herbarium-based phenology models that combines the benefits of
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formerly used validation datasets (i.e. phenology data from field observations made by 
professional researchers or satellite imagery). The data are numerous and taxonomically discrete, 
can span vast geographic areas, and are collected using randomly selected plants. We foresee 
applications of this approach to a multitude of other research questions. For example, citizen 
science data could be used to validate other herbarium-based models that investigate the 
consequences of a changing climate, such as green-up or species distribution models. The 
strength of this approach is that the herbarium models are compared to a very high quality 
dataset that we expect to have relatively few errors. In addition, because data collection protocols 
can be standardized to match herbarium data protocols, evaluation can go beyond overall model 
fit and include specific questions (in this case, whether flower initiation and rate of development 
were estimated accurately).
The maintenance of a high quality citizen science program, even over a short time span, 
requires substantial effort and resources (Bonney et al. 2009). We were fortunate enough to be 
able to create a citizen science program that addressed our exact research questions, using 
protocols that we devised. Without substantive financial support, we would have been unable to 
recruit and train volunteers from such a broad geographic area, build the cyber infrastructure for 
volunteer data entry, or dedicate our time to ensure data quality, educational benefits for 
volunteers, and volunteer satisfaction. We believe, however, that pre-existing plant phenology 
citizen science networks with similar mechanisms that ensure data quality (e.g. USA-NPN, 
GLOBE, Canada PlantWatch, etc.) can be tapped to help alleviate this problem. Furthermore, 
advances in web-based technology and support structures for citizen science program 
development (e.g. CitSci.org or www.citizenscienceassociation.org) have made incorporating 
high quality citizen science into rigorous phenology research programs much more feasible than 
in the past (Miller-Rushing et al. 2012, Newman et al. 2012, Bonney et al. 2014).
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Conclusions
The quantity of data available and the potential for large temporal and spatial scales to be 
covered by both herbarium records and citizen science observations make them rich resources 
for ecologists seeking insight into the nature of phenological change. Miller-Rushing et al.
(2012) suggest that citizen science data used alongside other long-term phenology datasets such 
as herbarium records can lead to new scientific insights. We believe our approach using citizen 
science data to validate herbarium-based phenology models can help achieve this goal. We have 
found that the two types of data used together provide a powerful tool in the effort to use plant 
phenology as one of Earth’s vital signs in a globally changing climate. By actively engaging 
citizens from many different communities in the research process, we believe the effects of such 
an approach may have amplifying benefits for enhancing public awareness of global change 
issues.
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Table 4.1 Results of the herbarium models. “Variables excluded” refers to variables not retained 
in the model. DTW is distance to nearest body of water. “R2 for date” refers to the sum of the 
partial R2 for date + date2 (if included in the model).
Species N Variablesexcluded
Model
R2 Model F Model P
R2 for 
date
V. uliginosum 832 island 0.49 114.51 <0.0001 0.42
V. vitis-idaea 863 date2 0.60 186.08 <0.0001 0.55
M. albus 416 longitude, 
DTW, island
0.37 48.45 <0.0001 0.35
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Table 4.2 Model validation linear regression and modelling efficiency index results for 
comparing the herbarium model predictions with phenophase values observed by citizen 
scientists. “Bias” indicates the simultaneous F-statistic for slope = 1 and intercept = 0. A 
significantly different intercept from 0, slope different from 1, or bias is indicated by a * (P < 
0.05).
Species Model
Linear Regression Modelling
efficiency
EFN R2
Intercept
estimate
Slope
estimate
Bi
F
a a
V. uliginosum Date 174 0.62 0.26 1.15* 29.13* 0.34
Geographic 174 0.70 0.25 1.08 11.50* 0.57
V. vitis-idaea Date 257 0.78 0.43* 1.02 12.33* 0.64
Geographic 257 0.78 0.34* 1.05 11.76* 0.66
M. albus Date 80 0.72 -1.03* 1.40* 1.02 0.65
Geographic 80 0.72 -0.20 1.19* 0.71 0.67
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Figure 4.1 Herbarium sample distribution for Melilotus albus (416 specimens), Vaccinium 
uliginosum (835 specimens), and Vaccinium vitis-idaea (863 specimens).
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Figure 4.2 Phenology monitoring sites for the Melibee Project Citizen Science program across 
Alaska, USA.
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Figure 4.3 Regressions of observed data from the citizen science dataset against the predicted 
values (dark line) based on geographic models (left hand side) or date models (right hand side). 
Dotted line represents a line of perfect fit (1:1) for comparison.
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CHAPTER 5
Metacognitive learning in the ecology classroom: a tool for preparing problem solvers in a
time of rapid change?1
1Spellman KV, Deutsch A, Mulder CPH, Carsten-Conner LD. Metacognitive learning in the ecology classroom: a 
tool for preparing problem solvers in a time of rapid change? Manuscript prepared for submission to the journal
Ecosphere.
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Abstract
Building communities that are resilient and adaptive to change requires the development 
of education strategies that train community members in higher order thinking skills that can be 
used to solve complex environmental problems. This study provides an empirical test of 
hypotheses within resilience theory that have suggested metacognitive learning strategies could 
increase resilience thinking skills such as scenarios thinking, systems thinking, and the ability to 
interpret and apply ecological data in complex problem solving. During a 6-week long ecology 
unit with 108 seventh grade students, we taught half the students using standard inquiry teaching 
methods and the other half using the same method, with the addition of a daily metacognitive 
learning intervention. We investigated the short-term (after six weeks of intervention) and long­
term (one year after the intervention ended) effects of the intervention on student metacognitive 
ability and resilience thinking skills. Over the long term, we found a modest increase in the 
metacognitive ability of students who received the daily metacognitive journaling exercise. 
Interview data suggest that the structured metacognitive practice did most to improve the 
resilience thinking level of students who had low resilience thinking ability prior to the 
intervention period. However, the interaction between pre-treatment ability level and the 
treatment group was not detected in the written assessment data. These data suggest that the 
metacognitive learning intervention we used can benefit metacognitive ability over the long 
term, but has limited transferability to resilience thinking skills for most students. We suggest 
additional instructional practices for implementing metacognitive teaching approaches that could 
enhance the generalizability of their benefits across resilience thinking skills and student ability 
levels.
Keywords: adaptive capacity; education; metacognition; Metacognitive Learning Cycle; self­
regulated learning; resilience; social-ecological systems.
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Introduction
As the world undergoes rapid changes that affect people and ecology in interconnected 
ways, such as climate change, there is increasing motivation for society to enhance the resilience 
of social-ecological systems (Chapin et al. 2009). The social-ecological systems perspective 
holds that human and ecological dimensions of a system are not only linked, but co-evolving and 
shaping one another (Chapin et al. 2009). Resilience is the ability of the system to absorb rapid 
changes while maintaining essentially the same structure and function (Gunderson and Holling 
2002). Building adaptive capacity, or the capacity of human actors to respond to or shape the 
consequences of change in a system, is often cited as a mechanism through which societies can 
enhance the resiliency of social-ecological systems (Folke et al. 2002, Adger et al. 2005,
Gallopin 2006, Janssen and Ostrom 2006, Engle 2011). Adaptive capacity increases as groups 
and individuals gain the skills necessary to navigate change, such as flexibility, innovative and 
critical thinking, and the ability to form collaborative social networks (Chapin et al. 2009). In 
order to develop these sorts of skills, individuals and groups must have structured or scaffolded 
learning experiences (Argyris and Schon1978, Senge 1990, Chapin et al. 2009, Kofinas 2009).
Social-ecological systems resilience is a rapidly growing field of interdisciplinary study 
that addresses the nature of social-ecological systems facing change, including how the system 
responds to, adapts to, learns from, or shapes change. Resilience and education researchers have 
begun to collaborate to investigate the roles learning and education play in navigating social- 
ecological change (Krasny et al. 2010). Recent research at the intersection of resilience and 
education has demonstrated the important role K-12 and post-secondary school systems play in 
increasing resilience and adaptive capacity in communities (reviewed in Muttarak and Lutz 
2014). In 2010, the Ecological Society of America’s Earth Stewardship Initiative called for
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ecologists and ecology educators to articulate the science necessary for enhancing resilience and 
shaping social-ecological change (Chapin et al. 2011). With this call to action, it is increasingly 
relevant for ecology instructors to reflect on how their teaching practices can aid this effort. It is 
also increasingly important that science education researchers work with ecology instructors to 
implement and study evidence-based teaching practices that foster resilience.
Traditional education systems and K-16 ecology curricula have often not emphasized 
teaching strategies that improve higher order thinking skills necessary for solving social- 
ecological problems like climate change (D’Avanzo 2003a & b, Fazey et al. 2007, Tidball and 
Krasny 2011). Lower order thinking skills within Bloom’s classic taxonomy include knowledge, 
comprehension, and application, while higher order thinking skills include analysis, evaluation, 
and synthesis or creation (Bloom et al. 1956, Anderson and Krathwohl 2001). Higher order 
thinking skills are not often taught in during ecology lessons (Brewer and Berkowitz 1998, 
D’Avanzo 2003a), primarily because of the instructional time they take away from covering 
required content (Blank 2000), the greater effort required to assess student learning in these skills 
(White 1993, Corliss and Linn 2011), and lack of pedagogical training of ecology educators 
(D’Avanzo 2003a). However, higher order thinking skills enable learners to use skills and 
knowledge in situations other than those in which the skill was learned and are therefore critical 
to solving problems in a rapidly changing world (Boddy et al. 2003, Fazey et al. 2007, Fazey 
2010).
Several specific higher order cognitive abilities have been identified as key to building 
the collective ability of communities to adapt to and shape change (Box 1). These cognitive 
abilities include the ability to evaluate scientific information and concepts and apply it to novel 
situations (Carpenter 2002, Folke et al. 2003, Fazey et al. 2007), the ability to think critically to 
solve complex problems (Chapin et al. 2009, Fazey 2010), the ability to envision multiple
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scenarios and  p rio ritize  m o st p ro b ab le  ou tcom es (M E A  2005, M ie tzn e r &  R eg e r 2005 , C arp en te r 
et al. 2006 , K o fin as  2009), th e  ab ility  co n sid er b o th  social and  eco log ical aspects  o f  a p rob lem  
and  h o w  th ey  in te rac t (S terlin g  2003, K o fin as  2009 , M ead o w s 2008, Jo rd an  et al. 2009, K rasny  
2009, C raw fo rd  and  Jo rd an  2013), th e  ab ility  to  th in k  ab o u t fu tu re  even ts  o r fu tu re  desired  
eco log ical states and  an tic ip a te  th e  co n seq u en ces o f  p re sen t ac tio n s (A sch er 2009, T sch ak ert and 
D ie trich  2010, T idball &  K rasn y  2011), and  th e  ab ility  to  m ak e b o ld  d ec isio n s in  th e  face  o f  
u n ce rta in ty  (M E A  2005, F azey  et al. 2007, C h ap in  et al. 2009). M etaco g n itio n , o r th e  k n o w led g e  
o f  and  ab ility  to  reg u la te  o n e ’s ow n th ink ing , has b een  suggested  as an  im p o rtan t app ro ach  to  
learn in g  th a t cou ld  help  im p ro v e  th is  su ite o f  re s ilien ce  th in k in g  sk ills (F azey  et al. 2005, F azey  
et al. 2007 , S pellm an  2015). B o x  1 p ro v id es  ex am p les  o f  th ese  sk ills app lied  at th e  K -1 6  level 
and  w h y  m etaco g n itio n  w o u ld  b e  ex p ected  to  im p ro v e  each  o f  th e  re silien ce  th in k in g  skills. 
Metacognition in education theory and practice
M etaco g n itiv e  learn in g  approaches em erge  from  se lf-reg u la ted  learn in g  th eo ry  w h ich  
con tends th a t lea rn in g  is g o v ern ed  by  cogn itive , m etacogn itive , and  m o tiv a tio n a l aspects  o f  a 
p erso n  and  in terac ts  w ith  a p e rso n ’s b e lie fs  and  a ttitudes ab o u t th em selv es  as learners, and  w ith  
th e  la rg e r lea rn in g  en v iro n m en t (rev iew ed  in  S ch raw  et al. 2006). T he con n ectio n  b e tw een  
m etaco g n itio n  and  lea rn in g  w as f irs t suggested  by  F lave ll (1979), w h o  p ro p o sed  th a t 
m etaco g n itio n  is a p ro cess  o f  b o th  m o n ito rin g  and  co n tro llin g  th in k in g  p rocesses. M etaco g n itio n  
in c lu d es  1) personal k n o w led g e  o r rep resen ta tio n s o f  th e  w ay  a perso n  th in k s and  learns in  
re la tio n  to  o th er p eo p le  o r to  tasks, goals, and  ac tiv ities, and  2) th e  k n o w led g e  and  u se  o f  spec ific  
sk ills and  stra teg ies to  acco m p lish  o r learn  som eth ing  (E fk lides 2006). Several stud ies have 
show n  th a t m etaco g n itiv e  ex p e rien ces  are crucial to  lea rn in g  p ro cesses  and  k n o w led g e  
co n stru c tio n  (H ew son  and  T horley  1989, W h ite  and  G unstone  1989, H en n essey  1991, 1993, 
B a ird  et al. 1991, B ee th  1998), and  th a t m etaco g n itiv e  ab ility  and  k n o w led g e  can  b e  im p ro v ed  by
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rep ea ted  p rac tice  th ro u g h o u t ou r lives (B ro w n  and  D eL o ach e  1978, D o ran  and  C am ero n  1995, 
F lavell e t al. 1995). T he stra teg ic  teach in g  o f  m etaco g n itio n  im p ro v es learn in g  m ore th an  
teach in g  co n ten t k n o w led g e  b ecau se  studen ts g e t p rac tice  learn in g  h o w  to  learn  ra th e r th an  ju s t  
accu m u la tin g  fac ts  (S ch raw  et al. 2006).
Several p rac tica l ap p ro ach es have  b een  d ev e lo p ed  fo r u s in g  m etaco g n itio n  in  classroom  
settings, in c lu d in g  in te rv en tio n s  th a t in v o lv e  se lf-re flec tive  d raw ings (W all e t al. 2009), 
m etap h o rs  (T hom as and  M cR o b b ie  2001), co llab o ra tiv e  g roup  w o rk  (H ogan  1999, L ark in  2006), 
jo u rn a lin g  (H ennessey  1991, 1993), p o rtfo lio s  (N ich o ls  e t al. 1997), and  re flec tiv e  read ing  
(D ’A v an zo  2003b). A  b ro ad  and  d iverse  bo d y  o f  em pirica l stud ies has d em o n stra ted  th e  b en efits  
o f  m etaco g n itiv e  learn in g  in te rv en tio n s  in  c lassroom  settings (rev iew ed  in  D ig n a th  and  B u ttn e r
2008). T hese  b en e fits  in c lu d e  lo n g er-te rm  re ten tio n  and  d eep er u n d erstan d in g  o f  science 
co n cep ts  (B lan k  2000, G eo rg h iad es  2000 , 2004), g rea te r flex ib ility  and  in n o v a tio n  in  ho w  
k n o w led g e  is learn ed  and  ap p lied  (R ickey  and  S tacy 2000, R o sen cw ajg  2003), im p ro v em en t in  
read in g  co m p reh en sio n  (L o p er and  M u rp h y  1985, B ro w n  and  P a lin csa r 1989, G ourgey  2001) 
in c lu d in g  read in g  on sc ience  to p ics  (Y ore  e t al. 1998, K o ch  2001), im p ro v em en t in  academ ic 
ach iev em en t (L o p er and  M u rp h y  1985, B ro w n  and  P a lin csa r 1989), and  in crease  in  p ro b lem ­
so lv ing  ab ility  (C arr and  Jessu p  1996, S tillm an  and  G alb ra ith  1998, Z an  2000, P u g a lee  2001, 
S churter 2002, K au ffm an  et al. 2008).
Research context and questions
W h ile  th e  b en e fits  o f  m etaco g n itiv e  learn in g  stra teg ies to  stu d en t learn in g  hav e  been  
th o ro u g h ly  es tab lish ed  in  th e  ed u catio n  lite ra tu re , th e re  rem ain s a v o id  in  em pirica l ev idence  th a t 
th e  app ro ach  can  d irec tly  im p ro v e  the  suite o f  key  re silien ce  th in k in g  skills. T here  are very  few  
stud ies on  co g n itio n  or m etaco g n itio n  in  eco logy  teach in g  and  learn in g  co m p ared  to  fie ld s like 
m ath , read ing , and  ch em istry  (D ’A v an zo  2003b), and  no  study  h as y e t in v estig a ted  th e  effec ts o f
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m etaco g n itiv e  teach in g  m ethods on stu d en t ab ility  to  app ly  re silien ce  th in k in g  to  so lve p rob lem s 
th a t arise  from  rap id  socia l-eco log ical change. F u rther, th e  p ro b lem s so c ia l-eco lo g ica l system s 
face  span  m u ltip le  d isc ip lines, and  nearly  all th e  stud ies th a t in v estig a te  th e  im p ac t o f  
m etaco g n itio n  on learn in g  h av e  occu rred  w ith in  a sing le sub ject area  such as m ath , science, or 
read in g  (V een m an  et al. 2006). Several stud ies a ttem p tin g  to  lo o k  ac ross d iffe ren t learn ing  
d om ains hav e  y ie ld ed  in co n c lu siv e  resu lts. Som e stud ies in d ica te  th a t m etaco g n itiv e  sk ills are 
g en e ra lizab le  ac ross lea rn in g  d om ains and  su b jec t areas (S ch raw  et al. 1995, S chraw  and 
N ie tfe ld  1998, V een m an  and  V erheij 2003 , V een m an  et al. 2 004) w h ile  o th er s tud ies su g g est th a t 
d iffe ren t sub jects  and  d iffe ren t ty p es  o f  task s  req u ire  d iffe ren t ty p es o f  m etaco g n itiv e  activ ities  
(G lase r et a l.1992 , K e lem en  et al. 2000).
O u r study  u sed  th e  issu e  o f  in v asiv e  p lan ts  in  A laska , th e  lo ca tio n  o f  o u r study, as a 
co n tex t to  te s t th e  effec ts  o f  a m etaco g n itiv e  lea rn in g  in te rv en tio n  on s tu d en t re s ilien ce  th in k in g  
and  en v ironm en ta l p ro b lem -so lv in g  skills. In v asiv e  p lan ts  are  defined  as n o n -n a tiv e  p lan ts  th a t 
sp read  rap id ly  and  n eg a tiv e ly  im p ac t ecosystem s, th e  econom y, o r h um an  h ea lth  (U .S . E x ecu tiv e  
O rd e r 13112, 1999). In v asiv e  p lan ts  can  a lte r ecosystem  p ro p e rtie s  such  as n u trien t cycling , 
h y dro logy , and  soil p ro p e rtie s  (rev iew ed  in  S kurski et al. 2014), a ffec t th e  ecosystem  serv ices 
th a t susta in  h u m an  w e ll-b e in g  (e.g. w a te r-filtra tio n , food  p roduc tion , etc.; P e jch a r and  M o o n ey
2009), and  im p ac t th e  econom y th ro u g h  h ig h  m an ag em en t costs (o v e r $35 b illio n  do llars 
annually  in  th e  U .S . as o f  2005; P im en te l e t al. 2005). T he sp read  o f  in v asiv e  p lan ts  in  A lask a  
has rap id ly  acce lera ted  in  recen t decades (C arlso n  and  S hephard  2007). In c reases  in  th e  n u m b er 
and  ex ten t o f  n o n -n a tiv e  spec ies in  A lask a  m ay b e  a ttribu ted  in  la rg e  p art to  in creases  in  h um an  
p o p u la tio n  and  asso c ia ted  d is tu rb an ces  (e.g. m ore  roads, re so u rce  ex traction ; W a lk e r and  W alk e r 
1991; U .S . C ensus B u reau  2010; C arlso n  and  S hephard  2 007) and  in c reased  in flu x  o f  p ro p ag u les 
v ia  im p o rted  agricu ltu ra l and  h o rticu ltu ra l co m m o d ities  (C onn  et al. 2008). C lim atic  sh ifts  in
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A lask a  such  as w a rm er w in te rs  (S erreze  et al. 2 0 0 0 ) and  lo n g e r g ro w in g  seasons (M ynen i e t al. 
1997) have  a lso  in c reased  th e  lik e lih o o d  o f  in v asiv e  p lan t success. T he sp read  o f  in v asiv e  p lan ts  
p o ses  im p o rtan t soc ia l-eco log ica l d ilem m as th a t need  to  b e  ad d ressed  to  m an ag e  eco log ical, 
cu ltu ra l, and  econom ic re so u rces  fo r fu tu re  g en e ra tio n s  o f  A laskans. F o r exam ple , w h ite  
sw ee tc lo v er (M elilo tu s  a lb u s  M ed ik .), one o f  th e  m o st w id esp read  in v asiv e  p lan ts  in  A lask a  
(A K E P IC  2014), o u t-co m p etes  n a tiv e  rip a rian  p lan ts  fo r lig h t (S pellm an  and  W u rtz  2011), alters 
p o llin a to r serv ices to  b erry  p ro d u c in g  spec ies th a t are u sed  as a su b sisten ce  fo o d  resou rce  
(S pellm an  et al. u n p u b lish ed  m an u scrip t), and  is costly  to  m an ag e  (S ch w o rer et al. 2012). 
H ow ever, w h ite  sw ee tc lo v er also  p ro v id es  an  im p o rtan t n ec ta r re so u rce  fo r  honey  p ro d u cers  in 
A lask a  (P eterso n  1989), w h ich  has p resen ted  a m an ag em en t co n flic t in  som e p arts  o f  th e  state. 
W e u se  th is  and  o th er s im ilar in v asiv e  p lan t soc ia l-eco log ica l d ilem m as as a co n tex t fo r th is 
study.
W e chose  to  u se  a m etaco g n itiv e  in te rv en tio n  th a t has b een  found  b en efic ia l in  the  
eco logy  c lassroom  ca lled  th e  “m etaco g n itiv e  learn in g  cy c le” (B lan k  2000). T he m etaco g n itiv e  
learn in g  cyc le  m odel goes b ey o n d  th e  standard  inqu iry  lea rn in g  cyc le  m odel (L aw so n  et al. 1989, 
B y b ee  1993, A llard  and  B arm an  1994, B arm an  1997, B od d y  et al. 2 0 0 3 ,Y ag er and  A ck ay  2010; 
F ig u re  1a) by  p ro v id in g  structu red , ex p lic it op p o rtu n ities  fo r studen ts  to  id en tify  and  re flec t on 
th e ir  sc ience ideas at every  p h ase  in  th e  m odel (B lan k  2000 ; F ig u re  1b). T his is acco m p lish ed  by 
s tu d en t re flec tio n  on  th e  status o f  th e ir  ideas, w h ich  in c lu d es the  in te llig ib ility , p lausib ility , and  
fru itfu ln ess  o f  th e ir  ideas (H ew son  and  H ew so n  1988; H ew so n  and  T horley  1989, H en essey  
1991, 1993). H en essey  (1991, 1993) dev e lo p ed  an  in te rv en tio n  fo r acco m p lish in g  th is  ta sk  u sin g  
jo u rn a lin g  and  p ee r d iscu ssio n  (B ox  5.5). S tuden ts id en tify  th e  in te llig ib ility  o f  th e ir  id ea  by 
p u ttin g  th e  id ea  in to  w o rd s th a t m ake sense to  them , th en  a rticu la tin g  it to  som eone else u sin g  
exam ples. T hey  ev a lu a te  th e  p lau sib ility  o f  th e  id ea  by  re la tin g  th e  id ea  to  th e ir  p rio r kn o w led g e
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or beliefs. T he studen t re flec ts  on th e  fru itfu ln ess  o f  th e ir  id ea  by  th in k in g  o f  w ay s th e  id ea  cou ld  
help  so lve p ro b lem s o r b e  u sed  fo r fu tu re  learn in g  o r in v estig a tio n s  (H enessey  1991, 1993).
In  th is  study, w e  ask  th ree  questions: 1) D o es  the  M etaco g n itiv e  L ea rn in g  C ycle  
in te rv en tio n  im p ro v e  studen t m etaco g n itiv e  ab ility? 2) D o es th is  m etaco g n itiv e  learn in g  
in te rv en tio n  a ffec t th e  level o f  th in k in g  ac ross the  su ite o f  re s ilien ce  th in k in g  sk ills in  a social- 
eco log ical p ro b lem  so lv ing  con tex t? and  3) D o es the  e ffec t o f  th e  in te rv en tio n  v ary  w ith  studen t 
ab ility  level?  W e h y p o th esize  th a t s tuden ts w h o  rece iv e  s truc tu red  p rac tice  th ro u g h  the  
M etaco g n itiv e  L ea rn in g  C ycle  re flec tiv e  jo u rn a lin g  in te rv en tio n  w ill im p ro v e  th e ir  
m etaco g n itiv e  ab ility  (a re sp o n se  v ariab le  n o t te s ted  in  B la n k ’s 2000  study) re la tiv e  to  s tuden ts 
w h o  do n o t rece iv e  th e  in terven tion . F u rth er, w e  h y p o th esize  th a t w h ile  teach in g  eco logy  
th ro u g h  a local soc ia l-eco log ica l issue, th e  studen ts w h o  rece iv e  th e  m etaco g n itiv e  in te rv en tio n  
w ill b e  b e tte r  ab le  to  app ly  re silien ce  th in k in g  sk ills in  en v ironm en ta l p ro b lem  so lv ing  th an  
studen ts w h o  do n o t rece iv e  th e  in terven tion . T he b en e fits  o f  th is  tech n iq u e  m ay d iffe r fo r 
studen ts  o f  d iffe ren t p re -trea tm en t m etaco g n itiv e  o r re s ilien ce  th in k in g  ab ility  levels. Som e 
peo p le  are  a lready  p re -d isp o sed  to  m etaco g n itio n  (F azey  et al. 2007). P eo p le  w h o  are na tu ra lly  
re flec tiv e  ab o u t th e ir  ow n lea rn in g  in  a v arie ty  o f  situations and  are accep tin g  o f  m u ltip le  
persp ec tiv es  ten d  to  have  an  easie r tim e  p rac tic in g  m etaco g n itio n  b ecau se  th e  p ro cess  is a lready  
au to m atic  fo r th em  (B ran sfo rd  et al. 2000, F azey  e t al. 2005 , S chw artz  et al. 2005). T herefore , 
w e  h y p o th esize  th a t s tuden ts w h o  perfo rm  h ig h  on p re -assessm en ts  o f  m etaco g n itiv e  and 
re s ilien ce  th in k in g  ab ility  w ill show  less in itia l ga in  from  struc tu red  m etaco g n itiv e  p rac tice  th an  
studen ts  fo r w h o m  th is  so rt o f  re flec tiv e  lea rn in g  is less w ell developed .
Methods
Study context and experimental design
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T his study  w as  co nduc ted  in  a p u b lic  m id d le  school in  a sm all city  in  A lask a  from  A u g u st 
2011 -  D ecem b er 2012. S ix h u n d red  and  fifty  studen ts a ttend  th e  school w ith  24%  o f  the  
studen ts  elig ib le  fo r free  o r red u ced  lunch , an  in d ica to r o f  re la tiv e  po v erty  in  th e  U n ited  States. 
S even ty -th ree  p ercen t o f  studen ts  are  w h ite , 9%  tw o  o r m ore  races, 8%  A lask a  N a tiv e , 5%  
H isp an ic , 2%  b lack , 1% A sian  and  2%  o th er (N C E S  2012). T he school w as chosen  fo r th e  study 
b ased  on  th e  w illin g n ess  o f  a seven th  g rad e  life  science teac h e r to  p artic ip a te  in  th e  pro ject. T he 
teac h e r tau g h t fo u r life  sc ience c lasses each  day to  a to ta l o f  108 studen ts  u sin g  th e  sam e con ten t 
and  activ ities. S even th  g rad e  (studen ts  age 12-13) w as se lec ted  as th e  focal g rad e  level fo r the  
study due to  th e  a lig n m en t o f  th e  soc ia l-eco log ica l ch an g e  co n tex t u sed  in  th e  study (the in v asio n  
o f  n o n -n a tiv e  p lan ts  in  A lask a) w ith  state  and  school d is tric t sc ience cu rricu lu m  requ irem en ts. 
T he seven th  g rade cu rricu lu m  at th e  tim e o f  th is  study in c lu d ed  p lan t b io lo g y  and  eco logy  
(F N S B S D  2009).
T o  p ro v id e  a k n o w led g e  b ase  ab o u t n o n -n a tiv e  p lan ts  and  ex p o se  th e  studen ts  to  the  
in q u iry  lea rn in g  cy c le  m odel p rio r to  b eg in n in g  a m etaco g n itiv e  in te rv en tio n  experim en t, the  
re sea rch e r (1st au tho r) tau g h t in q u iry -b ased  lesso n s on in v asiv e  p lan t eco logy  once o r tw ice  a 
w e ek  fo r 8 w eeks. Social im p lica tions, in c lu d in g  m an ag em en t app lica tions, o f  th e  issues 
ad d ressed  in  th e  lesso n s w ere  a lso  d iscussed . T he lesso n s w ere  a ligned  w ith  and  in tersp ersed  
am ong  genera l p lan t b io lo g y  and  eco logy  lesso n s tau g h t by  th e  teacher. T he lesso n s u sed  
s truc tu red  o r g u id ed  in q u iry  th ro u g h  th e  5E  (E ngagem en t, E x p lo ra tio n , E x p lan a tio n , E labora tion , 
and  E v a lu a tio n ) learn in g  cy c le  m odel (F igu re  1a; cf. B y b ee  1993, B o d d y  et al. 2003 , A bram s et 
al. 2007 , B lan ch a rd  e t al. 2 010) b ecau se  it b e s t fit th e  inqu iry  teach in g  m odel ad v o cated  by  the  
A lask a  S cience C o nso rtium  and  th e  ped ag o g ica l tra in in g  o f  b o th  th e  re sea rch e r and  the  
co llab o ra tin g  sc ience teacher.
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F o llo w in g  th e  p re lim in ary  lessons, w e  u sed  a qu asi-ex p erim en ta l desig n  to  assess the  
e ffec t o f  a s truc tu red  six -w eek  lo n g  m etaco g n itiv e  in te rv en tio n  on  studen t m etaco g n itiv e  ab ility  
and  re s ilien ce  th in k in g  skills. W e re fe r to  o u r design  as “ q u asi-ex p erim en ta l” b ecau se  o f  the  
sm all po ten tia l fo r  s tuden ts rece iv in g  th e  m etaco g n itiv e  in te rv en tio n  to  d iscuss o r u se  the  
m etaco g n itiv e  stra teg ies in  o ther classes w h ere  studen ts  from  th e  con tro l w ere  p resen t, thus 
“trea tin g ” them , too. T he teac h e r and  re sea rch e r co n tin u ed  to  teach  th e  ran g e  o f  req u ired  b io lo g y  
to p ics  w ith  a th read  o f  in v asiv e  p lan t eco logy  and  m an ag em en t sup p lem en tin g  th e  d iffe ren t 
top ics. F o r tw o  classes (n  =  52 students), w e  co n tin u ed  in stru c tio n  in  sam e sty le o f  in stru c tio n  as 
p rio r to  th e  experim en t, fo llo w in g  th e  5E  in q u iry  learn in g  cyc le  m odel (F igu re  1a). T his g roup  is 
h e reafte r re ferred  to  as th e  “In q u iry ” group. T he o th er tw o  c lasses (n =  45) w ere  tau g h t in  the  
sam e m an n er as th e  in q u iry  group, b u t had  a daily  s truc tu red  m etaco g n itiv e  jo u rn a lin g  
in te rv en tio n  (fo llo w in g  B lan k  2000, H en n essey  1993) added  to  th e  lesso n s (figure  5.5). T he 
g roup  o f  s tuden ts rece iv in g  the  m etaco g n itiv e  in te rv en tio n  is h e reafte r re ferred  to  as the  
“M etaco g n itiv e  In q u iry ” group. B o th  g ro u p s re flec ted  daily  on  th e  concep ts  covered  du rin g  the  
lessons, e ith e r in  sc ience n o teb o o k s o r on  lab handou ts, fo r  th e  la s t 5-7 m in u tes  o f  th e  class 
period . T he in q u iry  g roup  had  a sing le  q u estio n  p o sed  by  th e  teac h e r fo r jo u rn a lin g , w h ile  the  
m etaco g n itiv e  inqu iry  g roup  fo llo w ed  th e  p rescrib ed  jo u rn a l s tructu re  o f  th e  m etaco g n itiv e  
“ sta tu s” checks d ev e lo p ed  and  tes ted  by  H en essey  (1993) and  B lan k  (2000) (figu re  5.5).
T he in q u iry  and  m etaco g n itiv e  inqu iry  g roups w ere  assig n ed  to  c lasses in  a m an n er th a t 
b a lan ced  th e  academ ic  ab ility  o f  studen ts  fa llin g  w ith in  the  tw o  trea tm en t g ro u p s as b es t as 
possib le . W e also  con sid ered  th e  d iffe ren ces in  stu d en t a ffec t due to  th e  tim e o f  day th e  class 
p e rio d  fell th a t m ig h t in flu en ce  th e  resu lts, such  as a c lass perio d  early  in  th e  day o r d irec tly  afte r 
lunch. W e u sed  th e  s tu d en t’s 6th g rad e  school d is tric t s tan d ard s-b ased  assessm en t (S B A ) scores, 
w h ich  p ro v id es  a ca tegorica l ran k in g  fo r each  s tu d en t as “ ad v an ced ,” “ p ro fic ien t,” o r “b e lo w ”
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th e  ex p ected  g rade-leve l p erfo rm an ce  in  read ing , w riting , and  m ath , to  b a lan ce  th e  overall 
academ ic  ab ility  level o f  th e  trea tm en t g roups. T he p erio d s assig n ed  to  the  in q u iry  g roup  had  19 
advanced , 15 p ro fic ien t, and  18 b e lo w  students, w h ile  th e  m etaco g n itiv e  in q u iry  g roup  had  12 
advanced , 19 p ro fic ien t, and  14 b e lo w  students.
T his study  h as  a p o sitiv is t-d eco n tex u a lis t o rien ta tio n  (A n d erso n  et al. 2009), and  is 
lim ited  in  th e  ran g e  o f  in feren ces th a t can  b e  d raw n  ab o u t th e  na tu re  o f  m etaco g n itio n  and 
s tu d en t lea rn in g  since it does n o t co n sid er th e  b ro ad e r learn in g  lan d scap e  and  am bigu ities. 
Assessment tools
W e u sed  th ree  fo rm s o f  assessm en t, d iscu ssed  in  detail below , to  add ress o u r research  
questions: a m etaco g n itiv e  sk ills inven to ry , a re s ilien ce  th in k in g  w ritten  assessm en t, and  sem i­
s truc tu red  in terv iew s. T he m etaco g n itiv e  sk ills in v en to ry  and  re s ilien ce  th in k in g  w ritten  
assessm en t w ere  b o th  issu ed  to  all th e  p artic ip a tin g  studen ts  im m ed ia te ly  p rio r to  the  
in te rv en tio n  p e rio d  (P re -assessm en t) and  im m ed ia te ly  a fte r six w eek s o f  th e  in te rv en tio n  (P o st­
assessm ent). T he in te rv iew s w ere  co n d u c ted  in  th e  p o st-assessm en t p h ase  only. T o  gau g e  the 
lo n g -te rm  effec ts  o f  th e  trea tm en t, b o th  th e  m etaco g n itiv e  sk ills in v en to ry  and  re silien ce  th in k in g  
w ritten  assessm en t w ere  g iv en  to  a subset o f  th e  studen ts  1 y ea r a fte r th e  in te rv en tio n  ended, 
w h en  th e  studen ts  w ere  in  th e  8th g rad e  (D elay ed  P o st-assessm en t; In q u iry  n  =  31, M etaco g n itiv e  
In qu iry  n  =  22).
M e ta c o g n itive  sk ills  in ven to ry - T he M etaco g n itiv e  A c tiv itie s  In v en to ry  (M A I) is a 27 
item  survey  th a t w as d ev e lo p ed  and  v a lid a ted  to  assess m etaco g n itiv e  sk illfu lness in  p rob lem  
so lv ing  by  u n d erg rad u a te  sc ience studen ts (S an d i-U ren a  2008, C o o p er and  S an d i-U ren a  2009, 
S an d i-U ren a  et al. 2011). M in o r ad ap ta tio n s w ere  m ad e  to  in c rease  ease o f  u se  fo r 7th g raders, 
in c lu d in g  red u cin g  th e  5 -po in t L ik ert-sca le  to  a d icho tom ous sca le  (yes/no ) to  a llo w  fo r b o th  the  
survey  and  w ritten  assessm en t to  b e  co m p le ted  w ith in  the  tim e co n stra in ts  o f  a sing le class
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period , e lim in a tin g  tw o  o f  the  o rig inal item s th a t 7th g rad ers  had  d ifficu lty  un d ers tan d in g , and 
sligh tly  sim p lify in g  the  v o cab u la ry  u sed  (A p p en d ix  5.1). E ig h teen  item s w ere  p o sitiv e ly  coded  
sta tem en ts w h ere  an  an sw er o f  “y e s” in d ica ted  th a t th e  s tuden t engaged  in  a m etaco g n itiv e  
activ ity . Seven  item s w ere  rev erse  co d ed  sta tem en ts w h ere  an  an sw er o f  “y es” in d ica ted  lack  o f  
en g ag em en t in  m etaco g n itiv e  activ ity . T o  score th e  inven to ry , one  p o in t w as assig n ed  fo r every  
“y es” an sw er to  p o sitiv e ly  coded  item s, and  one p o in t w as  assig n ed  fo r every  “n o ” an sw er to  
n eg a tiv e ly  coded  item s, fo r  a m ax im um  o f  25 to ta l po in ts.
R esilien ce  th in k in g  w ritten  a ssessm en t-  T he re silien ce  th in k in g  w ritten  assessm en t 
(A p p en d ix  5 .2) and  ev a lu a tio n  ru b ric  (A p p en d ix  5.3) w ere  d ev e lo p ed  fo r th is  study  to  assess the  
com plex ity  o f  d isco u rse  in  each  th in k in g  skill in  fig u re  5.4. T he assessm en t in c lu d ed  th irteen  
sho rt an sw er p ro b lem -so lv in g  q u estio n s w h ere  studen ts w ere  asked  to  re flec t on  th e  eco log ical 
and  social d im ensions o f  change in  tw o  cu rren t in v asiv e  p lan ts  issu es in  A laska. T he firs t 
scenario  lo o k ed  at th e  social and  eco log ical im p ac t o f  in v asiv e  w h ite  sw ee tc lo v er (M elilo tus  
a lb u s)  on  riv e r flo o d p la in  eco sy stem s in  A lask a  (a fte r S pellm an  and  W u rtz  2 011) and  th e  second  
scenario  asked  th e  studen ts to  re flec t on  th e  im p acts  o f  w h ite  sw ee tc lo v er on p o llin a tio n  o f  
su b sisten ce  b erries  in  A lask a  (a fte r C hap ters  1 and  2; A p p en d ix  5.2). E ach  p ro b lem  so lv ing  
scenario  co n ta in ed  qu estio n s  th a t ta rg e ted  the  seven  re silien ce  th in k in g  sk ills  id en tified  in  F ig u re  
5.4.
A  ru b ric  to  m easu re  studen t p ro g ress  across th e  su ite o f  re s ilien ce  th in k in g  sk ills w as 
c reated  fo r th is  study  in  th e  sty le o f  a learn in g  p ro g ressio n  (cf. M o h an  et al. 2009, D u sch l et al. 
2011). T he com plex ity  and  so p h is tica tio n  o f  d isco u rse  in  each  th in k in g  skill fo r each  scenario  
w as ra ted  on a sca le  o f  1 (low ) to  5 (h igh) u sin g  th e  ru b ric  in  A p p en d ix  5.3. L ea rn in g  
p ro g ressio n -s ty le  rub rics  h av e  b een  successfu lly  app lied  to  m easu re  stu d en t p ro g ress  in  th in k in g  
sk ills in  o th er stud ies (B en-Z vi A ssa ra f  and  O rion  2005, L ee  and  L u i 2010). T his sty le  o f  ru b ric
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is co n sid ered  a h igh ly  c red ib le  w ay  to  m easu re  h ig h er o rd e r th in k in g  p ro cesses  and  com plex  
co m p eten cies  in  educational settings (rev iew ed  in  Jo n sso n  and  Sv ingby  2007). W e defin ed  the  
h ig h es t ru b ric  level by  th e  p rac tices  th a t w o u ld  d em o n stra te  m astery  o f  th e  skill, such  as 
d isco u rse  th a t in c lu d ed  accuracy , innovation , and  h o lis tic  th ink ing . In  con trast, th e  lo w est ru b ric  
level w as defined  by  o pposite  ten d en c ies  in  th e  d iscourse , such  as inaccu racy , lack  o f  innovation , 
and  dualistic  th ink ing . T he construc ts  u n d erly in g  each  th in k in g  skill in  th e  ru b ric  are in trin sica lly  
in te rre la ted  and  each  span  v a s t lite ra tu res  in  th e ir  ow n righ t. T herefo re, w e  fo cu sed  th e  scoring  
c rite rio n  fo r each  th in k in g  skill on  th e  spec ific  e lem en ts w ith in  th e  th in k in g  skill th a t 
d is tin g u ish es  it from  th e  o th er sk ills and  re s tr ic ted  o u r in te rp re ta tio n  o f  th e  skill to  the  p articu la r 
a ttrib u tes th a t th e  au tho rs in  B o x  1 id en tified  as key  to  soc ia l-eco log ica l resilience. T he specific  
assessm en t q u estio n s ta rg e tin g  each  th in k in g  skill w ere  lis ted  on the  sco ring  ru b ric  fo r rev iew ers 
to  re ference.
T he assessm en ts w ere  b lin d ed  and  random ized , th en  ev a lu a ted  th ree  separate  tim es by 
th ree  d iffe ren t rev iew ers. T he rev iew ers  w ere  tra in ed  in  th e  u se  o f  th e  ru b ric  u s in g  a set o f  
an ch o r assessm en ts w h ich  w ere  u sed  as re feren ces to  illu m in a te  th e  d iffe ren ces  b e tw een  the  
score leve ls  (cf. M oskal and  L ey d en s  2000). T otal w ritten  assessm en t scores w ere  th e  sum  o f  the  
ru b ric  leve ls  ac ross all seven  re silien ce  th in k in g  sk ills (cf. B o x  1) fo r th e  tw o  scenarios 
(m ax im um  score =  70). M ean  scores across th e  th ree  assessm en t eva lua to rs w ere  u sed  fo r 
analysis.
R esilien ce  th in k in g  in terv iew s-  S em i-struc tu red  in te rv iew s w ere  co n d u c ted  w ith  24 
students. T w o advanced , tw o  p ro fic ien t, and  tw o  b e lo w  g rade-leve l s tuden ts (id en tified  b ased  on 
th e  S B A  ca teg o riza tio n s  p ro v id ed  by  th e  school d istric t) w ere  ran d o m ly  id en tified  from  a 
stra tified  sam ple  in  each  o f  th e  fo u r c lasses fo r a to ta l o f  12 in te rv iew s from  th e  in q u iry  g roup  
and  12 in terv iew s from  th e  m etaco g n itiv e  in q u iry  group. T he in te rv iew  co n ten t fo llo w ed  the
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sam e crite rion  as th e  w ritten  assessm ent. It p o sed  an in v asiv e  p lan t soc ia l-eco log ica l p ro b lem ­
so lv ing  scenario  b ased  on cu rren t A lask an  research , th e  sp read  o f  in v asiv e  P r u n u s p a d u s  along  
salm on  stream s (b ased  on R o o n  et al. 2014), and  th e  15 q u estio n s in  th e  assessm en t ta rg e ted  the  
re silien ce  th in k in g  sk ills in  B o x  1 (A p p en d ix  5.4). In te rv iew s las ted  15 to  20  m inu tes and  w ere  
co n d u c ted  o v er a p e rio d  o f  tw o  co n secu tiv e  days. T he in terv iew s w ere  d ig ita lly  reco rd ed  fo r 
sco ring  at a la te r date. T w o  in d ep en d en t eva lua to rs scored  each  in te rv iew  u s in g  th e  sam e 
re silien ce  th in k in g  ru b ric  as th e  w ritten  assessm en ts. T otal in te rv iew  scores w ere  th e  sum  o f  the  
ru b ric  leve ls  ac ross all seven  re silien ce  th in k in g  sk ills (m ax im um  score  =  35). M ean  scores 
ac ross th e  tw o  in te rv iew  eva lua to rs w ere  u sed  fo r analysis.
Analysis
A sse ssm e n t a n d  ru b ric  va lid ity  a n d  re lia b ility
F o u r co n ten t experts  ex am in ed  and  app ro v ed  the  assessm en t and  ru b ric  in s tru m en ts  fo r 
co n ten t v a lid ity  and  co h eren ce  w ith  re s ilien ce  th in k in g  construc ts  p ro p o sed  by  au tho rs in  B o x  1, 
in c lu d in g  an  eco logy  p ro fesso r, a sc ience ed u catio n  and  ou treach  p ro fesso r, a m idd le  school life 
sc ience teacher, and  a docto ra l cand ida te  in  a re s ilien ce  th eo ry -b ased  P hD  program . O ral 
in te rv iew s sco red  u sin g  th e  sam e ru b ric  w ere  u sed  to  c ro ss-v a lid a te  th e  assessm en t too l and 
address th e  po ten tia l fo r th e  ru b ric  to  in d irec tly  m easu re  studen t read in g  com prehension , w ritten  
fluency , o r w ritin g  ab ility . C orre la tio n  ana lysis  w as  p erfo rm ed  b e tw een  th e  w ritten  assessm en t 
scores and  in te rv iew  scores to  p ro v id e  a m easu re  o f  th e  ru b ric  c rite rion  and  co n stru c t valid ity .
T he in te r-ra te r re liab ility  o f  th e  w ritten  assessm en t w as  de term ined  b y  ca lcu la tin g  the  
m ean  ru b ric  skill level ac ross th e  seven  th in k in g  sk ills fo r each  assessm en t, th en  co m p arin g  the  
n u m b er o f  ag reem en ts and  ad jacen t ag reem en ts  (w ith in  one ru b ric  leve l) b e tw een  each  ra te r p a ir 
(A B , A C , and  B C ) u sin g  C o h en ’s w e ig h ted  K appa. T he m ean s o f  th e  ag reem en t ra te , the 
ad jacen t ag reem en t rate , and  th e  w e ig h ted  K ap p a  o f  all ra te r p a ir  co m b in atio n s w ere  u sed  to
160
provide an overall inter-rater reliability measure. The mean correlation (Pearson’s r) between 
each rater pair for total assessment scores was also calculated to provide an additional measure 
of assessment reliability. The reliability of interview assessment tool was measured in the same 
manner, but there were only two raters.
M e ta c o g n itive  sk ills  a ssessm en t a n d  resilien ce  th in k in g  w ritten  a ssessm en t
We used the change in Metacognitive Activities Inventory and Resilience Thinking 
Written Assessment scores for individual students from the pre-intervention to the post­
intervention assessment phases as our response variables. We tested for treatment effects, the 
effect of initial student ability level, and their interaction using Analysis of Covariance 
(ANCOVA). We used the score on the pre-assessments as the indicator of the pre-treatment 
student metacognitive ability or resilience thinking ability level. The same analysis was repeated 
to detect long-term changes in metacognitive abilities and resilience thinking using the change in 
assessment scores of a subset of students between pre- and delayed post-intervention phases. We 
also used Pearson’s correlation to explore whether changes in resilience thinking ability were 
correlated with changes in metacognitive ability.
R esilien ce  th in k in g  in terv iew s
We used a similar ANCOVA approach to test for the effects of treatment, initial student 
ability level, and their interaction on the resilience thinking interview assessment scores. Because 
we conducted the student interview only during the post-intervention assessment phase, we used 
the students’ pre-intervention scores on the Resilience Thinking Written Assessment as a 
measure of the pre-treatment ability level in resilience thinking.
We performed all statistical analyses using SAS v.9.1 (SAS Institute, Cary, North 
Carolina).
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Results
Assessment and rubric reliability and validity measures
T he m ean  n u m b er o f  ag reem en ts b e tw een  th e  th ree  rev iew ers  o f  the  re silien ce  th in k in g  
w ritten  assessm en t in  th e  m ean  th in k in g  skill level w as  108 ou t o f  252  assessm en ts (43% ; 
w e ig h ted  C o h en ’s k ap p a  =  0 .40), and  2 29  assessm en t scores o u t o f  252  w ere  w ith in  one p o in t o f  
each  o th er (91% ). T h is level o f  ag reem en t b e tw een  th ree  rev iew ers is co n sid ered  re liab le  b ey o n d  
w h a t is ex p ected  by  chance (S to d d art e t al. 2000 , Jo n sso n  and  Svingby  2007). T otal assessm en t 
scores (sum  o f  all th in k in g  skill scores in  b o th  scenarios) w ere  also  co n sis ten t am ong  th e  th ree  
rev iew ers  (m ean  P e a rso n ’s r  =  0.70). T he m ean  n u m b er o f  ag reem en ts b e tw een  th e  in te rv iew  
rev iew ers  in  th e  m ean  th in k in g  skill level w as  16 ou t o f  24  in te rv iew s (67% ; w e ig h ted  C o h en ’s 
kap p a  =  0 .73), and  100%  w ere  w ith in  one p o in t o f  each  other. T otal in te rv iew  scores w ere  h igh ly  
co n sis ten t b e tw een  the  tw o  eva lua to rs (P ea rso n ’s r  =  0 .94, p  =  < 0 .0001). T he to ta l scores o f  the  
w ritten  p o st-asse ssm en t and  th e  in te rv iew  fo r th e  24  studen ts  in te rv iew ed  w ere  w ell co rre la ted  
(P ea rso n ’s r  =  0 .60, p  =  0 .002), su ggesting  th e  scoring  ru b ric  d id  fa irly  w ell a t ev a lu a tin g  the  
th in k in g  sk ills in d ep en d en tly  o f  w ritin g  ab ility  o r fluency .
Metacognitive skills
T here  w ere  no  sig n ifican t sho rt-term  changes in  studen t se lf-repo rted  m etaco g n itiv e  skills 
a fte r th e  6 w e ek  in te rv en tio n  p e rio d  fo r th e  in q u iry  g roup  o r fo r th e  m etaco g n itiv e  inqu iry  g roup  
(T ab le  1, F ig u re  2a). O ne y ea r a fte r th e  trea tm en t, how ever, th e  studen ts  w h o  rece iv ed  the  
m etaco g n itiv e  in te rv en tio n  show ed  g rea te r in creases  in  th e ir  m etaco g n itiv e  ab ility  th an  the  
studen ts in  th e  in q u iry  g roup , th o u g h  th e  e ffec t w as on ly  m arg in a lly  s ig n ifican t (T ab le  1, F ig u re  
2b). T he stu d en t score on  th e  M etaco g n itiv e  A c tiv itie s  In v en to ry  p re -tes t exp la in ed  m o st o f  the  
v aria tio n  in  b o th  th e  sho rt-term  and  lo n g -te rm  change in  scores (T ab le  1), w ith  a s ig n ifican t 
n eg a tiv e  re la tio n sh ip  b e tw een  p re -te s t scores and  ch an g e  in  score fo r b o th  assessm en t phases
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(short-te rm : slope =  -0 .30, p  =  0 .0009; long-term : slope =  -0 .59, p  =  < 0 .0001). T he re la tionsh ip  
b e tw een  stu d en t p re -sco res  and  change in  score d id  n o t vary  b e tw een  th e  tw o  trea tm en ts  fo r 
e ith er tim e  span (T ab le  1).
Resilience thinking skills in environmental problem solving
S tuden ts in  th e  inqu iry  g roup  had  g rea te r in creases  in  R esilien ce  T h ink ing  W ritten  
A ssessm en t scores o v er th e  6 w eek  in terv en tio n  period  th an  stu d en t w h o  rece iv ed  the  
m etaco g n itiv e  in terv en tio n  (T ab le  1, F ig u re  2c). T his tren d  d id  n o t p e rs is t o v er th e  lo n g -te rm  in 
th e  sub -sam ple  o f  s tuden ts w h o  co m p le ted  delayed  po st-tes ts  a y ea r la te r  (T ab le  1, F ig u re  2d). 
T he p re -tes t scores on the  R esilien ce  T h in k in g  W ritten  A ssessm en t h ad  a strong  in flu en ce  on  the  
change in  score o v er b o th  th e  sho rt-term  and  th e  lo n g -te rm  (T ab le  1), w ith  changes in  scores 
d ecreasin g  w ith  in creasin g  p re -tes t scores (short-te rm : slope =  -0 .28, p  =  < 0 .0001 ; long-term : 
slope =  -0 .44, p  =  0 .0003). T he trea tm en t th e  studen t rece iv ed  d id  n o t affec t th e  re la tio n sh ip  
b e tw een  stu d en t p re -trea tm en t ab ility  level and  change in  re s ilien ce  th in k in g  ab ility  o v er the  
sho rt-term  o r th e  lo n g -term  (T ab le  1).
T here  w as no  co rre la tio n  b e tw een  sho rt-term  (pre- to  post-) o r lo n g -te rm  (p re- to  delayed  
post-) changes in  th e  M etaco g n itiv e  A c tiv itie s  In v en to ry  scores and  R esilien ce  T h in k in g  W ritten  
A ssessm en t scores (short-te rm : P e a rso n ’s r  =  -0.11 p  =  0 .30, n  =  89; long-term : P e a rso n ’s r  =
0.07, p  =  0 .65, n  =  47).
A cross all s tuden ts in te rv iew ed , th e  trea tm en t g roup  co u ld  n o t ex p la in  v a ria tio n  in  the  
re s ilien ce  th in k in g  scores o f  th e  in terv iew ees, b u t th e re  w ere  s ig n ifican t p re -trea tm en t re s ilien ce  
th in k in g  ab ility  and  p re -trea tm en t ab ility  by  trea tm en t in te rac tio n  effec ts  (T ab le  1, F ig u re  3). T he 
slope o f  re la tio n sh ip  b e tw een  p re -in te rv en tio n  re silien ce  th in k in g  w ritten  assessm en t scores and  
th e  in te rv iew  scores w as  s ign ifican tly  less in  th e  m etaco g n itiv e  inqu iry  g roup  th an  th e  in  the 
standard  inqu iry  g roup  (F igu re  3).
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Discussion
T his study  p ro v id es  a co n trib u tio n  to  b o th  th e  m etaco g n itio n  re search  in  science 
ed u catio n  and  to  th e  edu catio n  research  w ith in  soc ia l-eco log ica l re s ilien ce  th eo ry  and  b u ild s  a 
b rid g e  b e tw een  the  tw o  b o d ies  o f  research . F irst, w e  d irec tly  tes ted  th e  effec ts  o f  the  
M etaco g n itiv e  L ea rn in g  C ycle  m odel (cf. B lan k  2 000) on s tu d en t m etaco g n itiv e  ab ility  and 
in v estig a ted  th e  e ffec t v a ried  by  th e  s tu d en t’s p re -ex is tin g  m etaco g n itiv e  ab ility . Second, w e 
p ro v id ed  an  em pirica l te s t o f  th e  h y p o th eses  w ith in  re s ilien ce  theo ry  th a t h av e  suggested  
m etaco g n itiv e  learn in g  in te rv en tio n s as an  im p o rtan t s trategy  fo r in c reasin g  th e  adap tive  capacity  
and  re s ilien ce  o f  co m m u n ities  dea ling  w ith  rap id  soc ia l-eco log ica l system  change.
Metacognitive skills
S tuden ts w h o  rece iv ed  th e  m etaco g n itiv e  jo u rn a lin g  in te rv en tio n  ten d ed  to  have  g rea te r 
lo n g -te rm  im p ro v em en t in  th e ir  m etaco g n itiv e  in v en to ry  scores th an  studen ts  w h o  rece iv ed  the  
standard  inqu iry  instruction . T he trea tm en t e ffec t w as m arg in a lly  sign ifican t, how ever. D esp ite  
th is  lim ita tio n  to  o u r study  design , th ese  d ata  su g g est th a t even  a sho rt ex p o su re  to  structu red  
m etaco g n itiv e  p rac tice  m ay p ro d u ce  las tin g  effec ts on  studen t m etaco g n itiv e  sk illfu lness. T his 
re su lt is co n sis ten t w ith  o th er stud ies w h ich  have  found  th a t seem ing ly  m in o r m etaco g n itiv e  
in te rv en tio n s can  p ro d u ce  las tin g  im p acts  on studen t m etaco g n itio n , lea rn in g  p rocesses, and 
ach iev em en t (B lan k  2000, T hom as and  M cR o b b ie  2001 , D ig n a th  and  B u ttn e r 2008).
Resilience thinking ability
W h ile  th e re  m ay  b e  som e lo n g -te rm  b en e fits  to  th e  s tructu red  m etaco g n itiv e  p ractice , w e 
d id  n o t find  strong  ev id en ce  th a t m o st 7th g rad e  studen ts p artic ip a tin g  in  o u r study  w ere  ab le  to  
tran sfe r th ese  g a in s  to  re s ilien ce  th ink ing . C on trary  to  w h a t w e  ex p ected  b ased  on  em pirica l 
education  research  and  re s ilien ce  th eo re tica l w o rk  (B ox  1), O u r resu lts  d id  n o t su pport the  
h y p o th esis  th a t th e  m etaco g n itiv e  lea rn in g  in terv en tio n  w e  u sed  im p ro v es studen t ab ility  to  use
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re silien ce  th in k in g  sk ills  in  en v ironm en ta l p ro b lem  so lving. W e offer som e im p o rtan t 
co n sid era tio n s on  th e  n a tu re  o f  th e  lea rn in g  in terv en tio n  w e  u sed  and  th e  ch a rac te ris tic s  o f  the  
studen ts  p a rtic ip a tin g  in  th is  study th a t help  exp la in  th is  result.
T he learn in g  in terv en tio n  w e  used , th e  M etaco g n itiv e  L ea rn in g  C ycle  im p lem en ted  
th ro u g h  daily  jo u rn a lin g  and  p ee r-d iscu ssio n  (cf. H en n essey  1991, 1993, B lan k  2000), is only  
one am ong  m any  m etaco g n itiv e  lea rn in g  stra teg ies th a t hav e  b een  dev e lo p ed  fo r K -1 2  and  p o st­
secondary  c lassroom  u se  (N ich o ls  et al. 1997, H o g an  1999, T hom as and  M cR o b b ie  2001, 
D ’A v an zo  2003b , L ark in  2006, W all e t al. 2009). G lase r et al. (1992) and  K e lem en  et al. (2000) 
fo u n d  th a t d iffe ren t sub jects  and  d iffe ren t ty p es o f  ta sk s  req u ire  d iffe ren t ty p es o f  m etaco g n itiv e  
activ ities. T he in te rv en tio n  w e  u sed  w as d eve loped  in  an  eco logy  c lassroom . D iffe ren t 
m etaco g n itiv e  teach in g  stra teg ies o r co m b in atio n s  o f  in te rv en tio n s  m ay  help  studen ts p rac tice  the  
d iverse  m etaco g n itiv e  sk ills need ed  to  so lve  com plex , m u ltid isc ip lin ary  p ro b lem s like  th e  ones 
w e  p osed  in  o u r re s ilien ce  th in k in g  assessm ents. B y  design , th e  re silien ce  th in k in g  assessm en ts 
w e  dev e lo p ed  req u ired  studen ts  to  in teg ra te  eco logy , social va lu e  system s, and  natu ra l resou rce  
m an ag em en t and  ta rg e ted  all seven  o f  th e  re silien ce  th in k in g  sk ills in  B o x  1. F u rth e r re search  on 
th e  g en e ra lizab ility  o f  d iffe ren t m etaco g n itiv e  sk ills across su b jec t areas and  learn in g  dom ains 
and  on th e  m o st e ffec tive  in te rv en tio n s to  ta rg e t th ese  skills, w o u ld  g rea tly  ass is t th e  assessm en t 
o f  th e  ro le  m etaco g n itiv e  lea rn in g  can  p lay  in  soc ia l-eco log ica l resilience.
Im m ed ia te ly  a fte r th e  6 -w eek  in terv en tio n  period , s tuden ts w h o  w ere  tau g h t w ith  
standard  in q u iry  had  im p ro v ed  th e ir  re s ilien ce  th in k in g  w ritten  assessm en t scores w h ile  s tuden ts 
in  th e  m etaco g n itiv e  inqu iry  g roup  had  not. T he d iffe ren ces  in  re s ilien ce  th in k in g  ab ility  b e tw een  
th e  trea tm en t g ro u p s did  n o t p ers is t o v er th e  lo n g  term . E ffec tiv e  in q u iry  in stru c tio n al m ethods 
a lone can  p ro m o te  h ig h e r o rd e r th in k in g  sk ills  and im p lic it m etaco g n itiv e  re flec tio n  (B oddy  et al. 
2003, Y ag er and  A ck ay  2010). It is p ro b ab le  th a t i f  w e  had  co m p ared  th e  m etaco g n itiv e  inqu iry
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or th e  g u id ed  in q u iry  m eth o d s w e  u sed  in  o u r trea tm en t g roups to  eco logy  teach in g  strateg ies 
th a t did  n o t o ffe r opp o rtu n ity  fo r  im p lic it o r ex p lic it m etaco g n itiv e  p ractice , such as passive  
lec tu re  app roaches (cf. D ’A v an zo  2003b), w e  w o u ld  hav e  seen  la rg e r e ffec t sizes b e tw een  the  
trea tm en t groups.
T he age level o f  th e  studen ts  in  th is  study  m ay  a lso  h av e  in flu en ced  ou r resu lts. Several 
stud ies hav e  su g g ested  th a t m etaco g n itiv e  k n o w led g e  and  sk illfu lness fo llo w  a deve lopm en ta l 
p ro g ressio n  in  school age studen ts  (A lex an d er et al. 1995, K u h n  1999, V een m an  et al. 2006,
W all 2008, W all e t al. 2009). S tuden ts age 12-13 w ere  fo u n d  to  hav e  the  ab ility  to  th in k  abou t 
th e ir  ow n lea rn in g  p ro cesses  and  iden tify  th e ir  learn in g  stra teg ies b u t had  d ifficu lty  app ly ing  
th e ir  m etaco g n itiv e  s tra teg ies to  n ew  learn in g  s itua tions (W all e t al. 2009).
Student ability level
P re-ex is tin g  m etaco g n itiv e  and  re silien ce  th in k in g  ab ility  level o f  a s tu d en t w as th e  m ost 
im p o rtan t p red ic to r fo r b o th  sho rt and  lo n g -te rm  changes in  th ese  skills. In  b o th  trea tm en t 
g roups, th e  s tuden ts w h o  scored  lo w  on p re -assessm en ts  im p ro v ed  th e ir  scores to  a g rea te r 
d eg ree  th an  studen ts  w h o  sco red  in  th e  m id  o r h ig h  ranges. O u r in te rv iew  d a ta  show ed  th a t 
ex p lic it m etaco g n itiv e  p rac tice  m ay hav e  had  p articu la r b en e fit to  studen ts  a t w h o  had  low  in itia l 
ab ility  to  u se  re s ilien ce  th in k in g  sk ills in  env ironm en ta l p ro b lem  solving. T his re su lt is co n sis ten t 
w ith  p rio r research , w h ich  has in d ica ted  th e  im p o rtan ce  o f  ex p lic it m etaco g n itiv e  p rac tice  to  
u n d er-ach iev in g  studen ts (V een m an  et al. 1994, P ress ley  and  G ask ins 2006). M etaco g n itiv e  
cap ab ilities  b eg in  to  deve lop  even  in  p re -sch o o l (W h iteb read  1999) and  studen ts  w ith  early  
ex p o su re  to  th e  re lev an ce  o f  m etaco g n itiv e  p ro cesses  in  th e ir  lea rn in g  can  sp on taneously  develop  
a m etaco g n itiv e  rep erto ire  (V een m an  et al 2006). S tuden ts w h o  lack  th ese  sorts o f  co n d itio n s in  
th e ir  lives h av e  a m u ch  m o re  d ifficu lt tim e d ev e lo p in g  a m etaco g n itiv e  rep erto ire  on th e ir  ow n, 
and  show  substan tia l learn in g  ga ins w h en  exp lic itly  tau g h t th ese  s tra teg ies in  th e  classroom
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setting  (V een m an  e t al. 1994, P ressley  and  G ask ins 2006). O ur re s ilien ce  th in k in g  w ritten  
assessm en t d ata  d id  n o t show  th e  sam e in te rac tio n  b e tw een  studen t ab ility  level and  trea tm en t, 
su ggesting  th a t fu rth e r research  is n ecessary  b e fo re  m ak ing  any general co n c lu sio n s ab o u t the  
ro le  m etaco g n itiv e  p rac tice  can  p lay  in  im p ro v in g  th e  re s ilien ce  th in k in g  sk ills  o f  s tuden ts across 
a spec trum  o f  abilities.
Increasing the impact o f  metacognitive learning on social-ecological problem solving
Several stud ies d em o n stra te  th a t m etaco g n itiv e  re flec tio n  b eco m es m o re  effec tiv e  w h en  
teach ers  su p p lem en t m etaco g n itiv e  in te rv en tio n s  w ith  a few  o th e r p ractices: 1) teach ers  p ro v id e  
studen ts  w ith  d irec t in stru c tio n  ab o u t spec ific  m etaco g n itiv e  stra teg ies and  th e  b en e fit it can  have 
to  th e ir  learn ing  , 2) teach ers  p ro v id e  studen ts w ith  feed b ack  ab o u t th e ir  m etaco g n itiv e  p ractices, 
3) teach ers  em bed  m etaco g n itiv e  in stru c tio n  in to  co n ten t m atter, and  4) teach ers  u se  
m etaco g n itiv e  in terv en tio n s fo r p ro lo n g ed  p erio d s (S ch raw  1998, Z im m erm an  2002, V een m an  et 
al. 2006 , D ig n a th  and  B u ttn e r 2008). P rio r to  b eg in n in g  th e  in te rv en tio n , w e  d id  n o t p rov ide  
ex ten siv e  in stru c tio n  to  th e  studen ts ab o u t w h a t co n stitu tes  m etaco g n itio n  o r w h y  it is im portan t. 
W e b eg an  im p lem en tin g  th e  in te rv en tio n  w ith  a sim ple  in tro d u c tio n  on co n n ectin g  n ew  science 
ideas w ith  ones th ey  a lready  have. F eed b ack  on  th e  m etaco g n itiv e  jo u rn a lin g  in te rv en tio n  w as 
lim ited  to  sh o rt com m ents w h ile  g rad in g  th e  sc ience n o teb o o k s and  b r ie f  in te rac tio n s as the  
in stru c to rs  c ircu la ted  a round  th e  c lassroom  w h ile  studen ts co m p le ted  th e  jo u rn a l and  peer- 
d iscu ssio n  p rom pts (B ox  2). T he feed b ack  p ro v id ed  to  studen ts w as  very  sim ilar b e tw een  the  
in q u iry  and  m etaco g n itiv e  in q u iry  groups. In c reased  a tten tio n  to  th ese  p rac tices  w h ile  
im p lem en tin g  m etaco g n itiv e  learn in g  s tra teg ies w o u ld  likely  im p ro v e  th e  im p ac t th e  in te rv en tio n  
h ad  on stu d en t re s ilien ce  th in k in g  and  soc ia l-eco log ica l p ro b lem  solving.
T he in te rv en tio n  in  th is  study w as  im p lem en ted  30 tim es (da ily  fo r 6 w eeks), w h ich  is in  
th e  m id -ran g e  o f  th e  m etaco g n itiv e  learn in g  in te rv en tio n s u sed  in  stud ies th a t to o k  p lace  in
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prim ary  and  secondary  c lassro o m s (ranged  from  2 to  90 tim es; rev iew ed  in  D ig n a th  and  B u ttn e r 
2008). In  a m eta -an a ly sis  o f  m etaco g n itiv e  in te rv en tio n  stud ies, th e  m ore  tim es an  in te rv en tio n  
w as im p lem en ted  th e  g rea te r th e  e ffec t size o f  th e  in terv en tio n  (D igna th  and  B u ttn e r 2008). 
S im ilarly , lo n g er ex p o su re  to  th e  m etaco g n itiv e  in q u iry  in te rv en tio n  m ay in crease  th e  im p ac t it 
h ad  on th e  re silien ce  th in k in g  skills. F o r th e  full b en e fits  o f  m etaco g n itio n  on  socia l-eco log ical 
p ro b lem  so lv ing , m etaco g n itiv e  p ro cesses  n eed  to  b eco m e au to m ated  so th e  sk ills  can  be  
effec tive ly  tran sfe rred  to  o th er lea rn in g  s itua tions (D ig n a th  and  B u ttn e r 2 008) o r u n ex p ected  
states in  a ch ang ing  soc ia l-eco log ica l system  (F azey  et al. 2007). T his h ig h lig h ts  th e  im portance  
o f  em b ed d in g  m etaco g n itiv e  p rac tice  in to  c lassro o m  in stru c tio n  th ro u g h o u t th e  educational 
p rocess, from  pre -K  th ro u g h o u t p o st-seco n d ary  education . A  d iverse  array  o f  easily  im p lem en ted  
m etaco g n itiv e  teach in g  ap p ro ach es d eve loped  spec ifically  fo r eco logy  courses to  fac ilita te  th is  at 
th e  co llege level is o ffered  by  D ’A v an zo  (2003b).
E co lo g y  teach ers  h av e  a specia l call to  fo s te r  th in k in g  sk ills in  th e ir  s tuden ts th a t help  
th em  u se  eco log ical k n o w led g e  fo r p o sitiv e  ac tion  (cf. C h ap in  e t al. 2011),. F u rth e r em pirica l 
re search  a ttem p tin g  to  b rid g e  ed u catio n  and  re s ilien ce  th eo ry  is in creasin g ly  im p o rtan t as w e  try  
to  c rea te  lea rn in g  env iro n m en ts th a t enab le  th e  w o rld ’s c itizens to  p ro d u c tiv e ly  n av ig a te  the  
u n p reced en ted  g lobal changes w e  face.
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Table 5.1 A N C O V A  resu lts  te s tin g  fo r th e  effec ts  o f  s tu d en t p re -trea tm en t m etaco g n itiv e  or 
re s ilien ce  th in k in g  ab ility  level, trea tm en t (inqu iry  o r m etaco g n itiv e  inqu iry ), and  in te rac tio n  on 
th e  change in  M etaco g n itiv e  A c tiv itie s  In v en to ry  score, th e  ch an g e  in  R esilien ce  T h ink ing  
W ritten  A ssessm en t score, and  th e  to ta l R esilien ce  T h ink ing  In te rv iew  score.
Short-term 
(pre to post)
Long-term 
(pre to delayed post)
Response Variable Source of 
Variation df
error
df F p
error
df F p
Change in Metacognitive 
Activities Inventory Score Pre score 1 85 11.64 0.001 43 18.92 <0.0001
Treatment 1 0.09 0.76 2.96 0.09
Pre score * trt 1 0.02 0.87 0.35 0.56
Change in Resilience 
Thinking Written 
Assessment Score Pre score 1 89 20.90 <0.0001 47 14.60 0.0004
Treatment 1 4.92 0.03 0.29 0.59
Pre score * trt 1 0.68 0.41 0.14 0.71
Resilience Thinking 
Interview Score Pre score1
Treatment 
Pre score * trt
1
1
1
19 18.46
0.94
6.36
0.0004
0.34
0.02
•
•
•
1 The Resilience Thinking Interview was only conducted during the post-intervention assessment phase, and the Resilience 
Thinking Written Assessment pre score was used in the model to estimate student pre-disposition for resilience thinking.
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Figure 5.1 C o m p ariso n  o f  th e  standard  inqu iry  lea rn in g  cy c le  m odel (A ) and  th e  m etaco g n itiv e  
in q u iry  lea rn in g  cy c le  m odel (B). T he m etaco g n itiv e  learn in g  cy c le  d iffe rs  from  th e  standard  in  
th a t studen ts  are exp lic itly  g u id ed  in  co n d u c tin g  status checks o f  th e ir  ow n th in k in g  at each  step 
in  th e  cycle . T he te rm s fo r th e  inqu iry  p h ases in  th e  5E  m odel (E ngagem en t, E xp lo ra tion , 
E x p lan a tio n , E lab o ra tio n , and  E v a lu a tio n ) are in  b o ld  and  a lte rn a te  nam es u sed  in  o th er com m on  
v ersio n  o f  th e  inqu iry  learn in g  cyc le  m odel are  lis ted  below .
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Figure 5.2 M etaco g n itiv e  A c tiv itie s  Inven to ry  (A , B ) and  R esilien ce  T h ink ing  W ritten  
A ssessm en t (C, D ) scores in  th e  in q u iry  and  m etaco g n itiv e  inqu iry  trea tm en ts  fo r pre-, post-, and 
d e lay ed  p o st-in te rv en tio n  assessm en t phases. T he short-term  (the 6 -w e ek  in te rv en tio n  period ) 
change in  scores (A , C ) in c lu d es studen ts  w h o  co m p le ted  b o th  pre- and  post-tests , w h ile  lo n g ­
term  (one y ea r la te r) change in  scores in c lu d es only  th e  sub -sam ple  o f  s tuden ts w h o  co m pleted  
pre-, post-, and  d e lay ed -p o st te s ts  (B , D).
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Figure 5.3 R ela tio n sh ip  b e tw een  R esilien ce  T h in k in g  W ritten  A ssessm en t p re -tes t scores and 
R esilien ce  T h ink ing  In te rv iew  scores fo r s tuden ts in  th e  in q u iry  and  m etaco g n itiv e  inqu iry  
trea tm en t groups.
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Figure 5.4 P o ten tia l effec ts  o f  m etaco g n itiv e  learn in g  on  key  th in k in g  sk ills fo r in d iv id u a ls  or 
co m m u n ities  p rep ared  to  nav igate , ad ap t to , and  shape change in  so c ia l-eco lo g ica l system s.
Ability to interpret scientific information (Carpenter 2002, Folke et al. 2003, Fazey et al. 2007)
Metacognitive learning improved the level of discourse on ecological topics and showed longer term retention of 
their ecology understanding than did students who learned through other approaches (Blank 2000). 
Metacognition has also been cited as an important ability for students to be able to use science in novel contexts 
(Georghiades 2000).
Ability to apply new scientific information (Carpenter 2002, Fazey et al. 2007)
Studies in science classrooms and on learning in natural resource management teams suggest that metacognitive 
teaching approaches may be useful in enhancing student ability to apply knowledge flexibly and restructure 
existing knowledge when new scientific information becomes available (Rosencwajg 2003, Fazey et al. 2005)
Ability to think critically to solve complex problems (Chapin et al. 2009, Fazey 2010)
Critical thinking requires a variety of skills, including identifying sources of evidence for their thinking, 
analyzing the credibility of the evidence, assessing if the evidence fits within their prior knowledge, and using 
induction and deduction based on these steps to draw reasonable conclusions (Halpern 1998, Linn 2000). Many 
of these components of critical thinking require reflection on cognitive processes, or metacognition. It would be 
expected that structured, explicit metacognitive practice could improve the overall critical thinking ability of a 
student.
Ability to envision multiple scenarios and prioritize most probable outcomes (MEA 2005, Mietzner & Reger
2005, Carpenter et al. 2006, Kofinas 2009)
Scenarios thinking involves a process of creating multiple stories about possible futures based on a range of 
decisions in complex settings (Mietzner and Reger 2005). Metacognition has been demonstrated as a key skill in 
problem solving, which requires following multiple reflexive lines of thinking, or thought scenarios, toward a 
solution and refining thinking into a “best fit” solution (Rickey and Stacy 2000, Schraw et al. 2006).
Ability to view problems within a social-ecological system context (Sterling 2003, Kofinas and Chapin 2009,
Meadows 2008, Jordan et al. 2009, Krasny 2009, Crawford and Jordan 2013)
Effective problem solving for resilience requires that individuals understand the interactions between system 
parts of entire complex systems, rather than considering single social or ecological aspects of a system, like 
poverty or biodiversity loss (Sterling 2003, Krasny 2009, Kofinas and Chapin 2009). Crawford and Jordan 
(2013) hypothesize that by using metacognitive strategies like thinking maps, where students illustrate a systems 
model of the connections between their ideas, students can gain improved understanding of larger systems like 
social-ecological systems.
Ability to think about future events or future desired ecological states and anticipate the consequences of
present actions (Ascher 2009, Tschakert and Dietrich 2010, Tidball & Krasny 2011)
Metacognitive knowledge and skill increases by learning and experimentation with strategies and tasks that are 
oriented toward achieving some sort of future learning goal (Flavell 1979, Efklides 2006). It is reasonable to 
imagine that students practiced at imagining future states of their own knowledge and planning how to achieve 
those states, would also be able to transfer the skill to other situations such as envisioning future ecological 
states and anticipating the consequences of present actions.
Ability to make bold decisions in the face of uncertainty (MEA 2005, Fazey et al. 2007, Chapin et al. 2009)
In order for a social-ecological system to be resilient, decision makers within the system must be capable of 
guiding adaptation or transformation processes in the midst of uncertainty and surprises (MEA 2005, Fazey et al. 
2007, Chapin et al. 2009). Metacognitive interventions ask students to call into question their own thinking and 
identify gaps in their knowledge (Schraw et al. 2006). These practices may improve student ability to identify 
sources of uncertainty, yet still be bold enough to propose a solution to a problem based on a solid line of 
reasoning.
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Figure 5.5 Jo u rn a lin g  exercise  fo r  s tuden ts in  b e in g  tau g h t th ro u g h  standard  in q u iry  learn ing  
cyc le  m odel (“ In q u iry ” g roup) and  m etaco g n itiv e  lea rn in g  cyc le  m odel (“M etaco g n itiv e  In q u iry ” 
g roup).
Both control students and metacognition students 
W hat I think:
T each er po ses  one q u estio n  from  th e  d a y ’s lesson. S tuden ts re flec t on  the  
q u estio n  in  th e ir  jo u rn a l and  w rite  th e ir  ideas. E xa m p le : We d id n ’t see  a n y  
p o llin a to r s  com e to  o u r p la n ts  today. W hy d o  y o u  th in k  th is  happ en ed ?
Explicit metacognitive intervention for metacognition students only
(M etaco g n itio n  S tatus C hecks dev e lo p ed  by  H en n essey  1991, 1993)
How I know:
T he w o rd s m ake sense to  m e. (C irc le  one) Y es N o
I exp la in ed  m y id ea  t o _________________________________. (S tu d en ts  exp la in
th e ir  id ea  o ra lly  to  the s tu d en t s ittin g  n ex t to  them )
M y  id ea  fits  w ith  o th er id eas  th a t I k n o w  o r ev idence  like:
A n  id ea  th a t th is  q u estio n  g ives m e fo r an o th er in v estig a tio n  is: 
o r
M y  id ea  is im p o rtan t b ecau se  it co u ld  help  so lve  rea l-w o rld  p ro b lem s like:
Appendix 5.1 M etaco g n itiv e  A c tiv itie s  Inven to ry  (S an d i-U ren a  2008, C o o p er and  S and i-U rena 
2009, S an d i-U ren a  e t al. 2 011) m o d ified  fo r  7th grade. C o d in g  fo r each  item  is in d ica ted  n ex t to  
each  statem ent.
189
Question Coding __________________________ Statement
1 + 1 .1 read a problem carefully to fully understand it and figure out w hat the problem is really asking.
2 + 2. Before I answer a question, I try to think about the best way to write it out or say it.
3 -
3. W hen I solve problems, I think o f  my answer before I try thinking o f  w hy I 
think it is the answer.
4 + 4. I think about the steps o f  how I will solve a problem and decide i f  each step will really help.
5 + 5. I attem pt to break down the problem to find the starting point.
6 + 6. I try to figure out the goal o f  a problem before attempting a solution.
7 + 7. I consider what information needed to solve a problem m ight be missing.
8 + 8. I check that the answer makes sense.
9 + 9. I feel creative and excited when I am solving problems.
10 + 10. Before attempting a solution, I take notes on things I know that m ight help me solve a problem.
11 + 11. I make sure that my solution actually answers the question.
12 - 12. I spend little time on problems that I have not been taught before.
13 + 13. I plan how to solve a problem before I actually start solving it (even i f  it is saying to yourself, “Okay, how am I going to do this?”).
14 + 14. I think about things I know that are connected to a problem.
15 - 15. I spend little time trying to solve problems I am not sure I can solve.
16 - 16. I start solving problems without having to read all the details.
17 + 17. I try to figure out if  there are connections between ideas or parts o f  a problem before trying to write a solution.
18 + 18. I try to relate new problems with previous situations I ’ve been in or problems I have solved in the past.
19 + 19. I use graphic organizers (diagrams, flow-charts, etc.) to better understand 
problems.
20 - 20. I f  I do not know exactly how to solve a problem, I im mediately try to guess the answer.
21 + 21. In word problems, I sort the information in the statement and determine what is im portant to answer the questions.
22 + 22. Once I figure out an answer, I check to see that i f  it agrees with what I 
expected.
23 -
23. Once I know how to solve a type o f  problem, I don’t  need to put any 
more time into understanding the concepts involved.
24 + 24. W hen I do homework problems, I try to learn more about the concepts so 
that I can apply this knowledge to test problems.
25 - 25. W hen practicing, i f  a problem takes several attempts and I cannot get it right, I get someone to do it for me and I try to memorize the steps.
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Appendix 5.2 Resilience Thinking Written Assessment
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1. W h a t  h a p p e n e d  to  t h e  w illo w  a s  th e  n u m b e r  o f w h i te  s w e e tc lo v e r  s e e d lin g s  
in c r e a s e d ?
In itia ls________
2. If w h i te  s w e e tc lo v e r  in v a d e d  a r iv e rb a n k  a n d  s p re a d  o v e r  25  y e a rs ,  w h a t  co u ld  
h a p p e n  to  t h e  m o o s e ?
3. W h y  d o  y o u  th in k  th is  w o u ld  h a p p e n ?  W h a t e v id e n c e  d id  y o u  u s e  t o  c o m e  u p  
w ith  y o u r  id ea  in q u e s t io n  2?
4. Is t h e r e  a n y  o th e r  p o s s ib le  o u tc o m e  fo r  t h e  m o o s e  b e s id e s  t h a t  o n e  yo u  
th o u g h t  o f?  W h a t  e ls e  c o u ld  h a p p e n  to  th e  m o o s e ?
5. W h ich  o u tc o m e  d o  y o u  th in k  is th e  m o s t  likely  fo r  t h e  m o o s e ,  y o u r  a n s w e r  to  2 
o r  y o u r  a n s w e r  to  4 ?  W h y  d o  y o u  th in k  so ?
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6. In th e  s i tu a t io n  on p a g e  2, w h a t  ro le , if an y , co u ld  h u m a n s  p lay  in m ak in g  su re  
th a t  th e  H ealy  R iver fo o d  w e b  re m a in s  s ta b le  in th e  fa c e  o f  w h ite  s w e e tc lo v e r  
in v a s io n ?
In itia ls___________
7. Im ag in e  th e  fo llo w in g  s i tu a t io n :
Invasive plant managers are concerned that 
white sweetclover is rapidly taking over the 
Healy River. They want to control the 
sweetclover by placing black tarps on the 
banks of the river. The black tarps block 
sunlight and super-heats the soil to kill 
seedlings and germinating seeds. By doing 
this, they will also kill the willow seedlings 
growing among the sweetclover. They plan 
on re-planting willows along the riverbanks 
after they remove the tarps in 3 years,
A team of scientists at the university just published a new scientific study that showed moose 
and hare populations on the Healy River are not affected by the white sweetclover. In fact, they 
found that both moose and hare are starting to eat the sweetclover.
S h o u ld  th e  in v asiv e  p la n t m a n a g e rs  ca rry  o u t  th e i r  p lan  t o  c o n tro l  th e  s w e e tc lo v e r  
by  p u tt in g  b lack  ta rp s  on  th e  b a n k s  o f th e  H ealy  R iver? W hy o r  W hy n o t?
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B. Invasive plants and pollination
Initials
Native lowbush cranberry being pollinated. Invasive white sweetclover being pollinated.
8. Both native cranberry plants and invasive white sweetclover need to be 
pollinated in order to produce seeds and fruits. Write one idea of what could 
happen to pollination if populations of the two plants were growing near each 
other?
9. What evidence could you use to test  this idea? For example, if you designed an 
experiment, what would you observe or measure?
5
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Initials
Im a g in e  t h e  fo llo w in g  s i tu a t io n  a n d  a n s w e r  q u e s t io n s  1 0 -1 3 :
You are a member of the North Pole City Council and you are trying to make a decision on 
w hether or not to start a program rem oving the white sw eetclover that grow s near your tow n’s 
favorite cranberry picking area.
You have read scientific studies that say white sw eetclover can spread quickly in Alaska and 
impact ecosystem s, but scientists do not yet know if the invasive plant can affect the pollination 
of cranberries in Alaska. You read many studies from other places to see what scientists have 
found out on this topic. Many studies showed that invasive plants can pull pollinators away 
from native plants, or outcom pete them. A few studies, though, said that som e invasive plants 
can actually bring m ore pollinators to an area. One study did not find any impact.
T a b l e  1. Number of scientific studies that you read showing different impacts of 
invasive plants on the pollination of native plants.
I n v a s i v e  p l a n t  i m p a c t N u m b e r  o f  s t u d i e s  
f i n d i n g  t h i s  i m p a c t
N e g a t i v e -  Invasive plants pulling pollinators away 
from native plants. Native plants produce less 
berries or seeds.
2 0
P o s i t i v e -  Invasive plants increasing the pollinator 
populations by providing more food for them. 
Native plants benefit from more pollinators in the 
area.
5
N o  i m p a c t -  Invasive plants do nothing to 
pollinators or native plants.
1
At the city council m eeting, an invasive plant manager asked the city council to act quickly, 
because sw eetclover spreads so rapidly. An elder who depends on collecting berries to cut her 
grocery costs asked the council to help protect im portant berry-picking land. A bee keeper 
asked the council to leave the sweetclover alone because his bees were using the plant to make
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10. The city  co u n c il h as  g a th e r e d  to  ta k e  a v o te  a n d  m ak e  a d ec is io n  o n  w h e th e r  
o r  n o t to  s ta r t  th e  s w e e tc lo v e r  re m o v a l p ro g ra m . Do y ou  v o te  to  s ta r t  t h e  
s w e e tc lo v e r  rem o v a l p ro g ra m ?
In itia ls__________
11. W h a t in fo rm a tio n  did  y ou  u se  to  m a k e  y o u r d e c is io n ?
12. Is t h e r e  a n y th in g  th a t  y o u  a r e  u n c e r ta in  a b o u t  in th e  d e c is io n  you  m a d e ?  If so , 
w h a t  ad d itio n a l in fo rm a tio n  w o u ld  y o u  h av e  liked to  b e  m o re  c e r ta in  in y o u r 
d ec is io n ?
13. A fte r y ou  a n d  th e  city  council m a d e  th e  d ec is io n , s o m e  A laskan  s c ie n tis ts  
fin ish  a s tu d y  th a t  sh o w s  th e  sw e e tc lo v e r  d o e s  im p a c t c ra n b e r ry  p o llin a tio n  an d  
d e c re a s e s  th e  a m o u n t  of fru it p ro d u c e d , b u t  on ly  fo r  c ra n b e r ry  p la n ts  5 -1 0  
m e te r s  a w a y  fro m  th e  s w e e tc lo v e r .  T he b e rry  p la n ts  fu r th e r  aw a y  a re  n o t 
im p a c te d .
Do y o u  c h a n g e  th e  d ec is io n  y ou  m a d e  in y o u r a n s w e r  to  10? W hy o r  w hy  n o t?
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Scoring Rubric for Resilience Thinking Written Assessment
Scenario A Scenario B 
questions questions 
targeting targeting
Resilience Th in kin g  Skill____________skill______ skill Level 5 (Upper Anchor)____ Level 4___________________ Level 3___________________ Level 2___________________ Level 1 (Lower Anchor)
A b ility  to  in te rp re t sc ie n tific  
inform ation
1, 2 8, 9
Co rre ct interpretation and 
un derstan ding o f sc ie n tific  figu res 
and tab le s or co nce pts a d d re sse d  by 
question.
M o stly  co rrect interp retation and 
u n derstan ding o f inform ation 
presen ted  in figu res and tab le s or 
co ncepts a d d re sse d  by question.
So m e un derstan ding o f inform ation 
presen ted  in figu re s and tab le s or 
co ncepts ad d re sse d  by question.
L it t le  un derstan ding o f inform ation 
presen ted  in fig u re s  and tab le s or 
co ncepts a d d re sse d  by question.
N o  un de rstan ding o f inform ation 
p resen ted  in fig u re s  and tab le s or 
co ncepts ad d re sse d  by question..
A b ility  to  apply  new  sc ie n tific  
inform ation
2, 7 13
Interprets and a p p lie s new  
inform ation co rrectly, ap p lies it in 
inno vative  wa ys .
Interprets an d  ap p lie s  new  
inform ation correctly.
Interprets n ew  inform ation correctly, 
so m ew h at ap p lie s  it o r a p p lie s it in 
not and entire ly  correct m anner.
Interprets n ew  inform ation correctly, 
does not ap p ly  it.
D o e s not interpret n ew  inform ation 
co rrectly, does not ap p ly  new  
inform ation to  p rob le m -so lving or 
decisio n -m akin g .
A b ility  to  th in k  crit ica lly  to  solve  
co m p lex  problem s
3, 7 9, 11, 12
Illu strates a strong u n derstan ding o f 
problem  co m p lexity ; u ses deduction 
and induction to  propose a so lu tio n  or 
d e cis io n  on the  presen ted  problem .
U n d e rstan d in g  o f problem  
co m p lex ity ; propo ses a so lu tio n  or 
decisio n , but unable to  fu lly  exp la in  
reaso ning , or reaso n in g  not fu lly  
b ased  on e vidence .
U n d e rstan d in g  o f problem  
co m p lex ity ; proposes a so lu tio n  or 
de cisio n , but reaso n in g  not b ased  on 
evidence.
So m e un derstan ding o f problem  
co m p lex ity ; proposes a so lu tio n  or 
d e cisio n , but un able  to  exp la in  
reaso ning .
Prob lem  is v ie w e d  as a b lack  and 
w h ite  issu e ; problem  so lv in g  or 
d e c is io n  b ased  on th is d u a list ic  v ie w  
rather th a n  indu ctive  o r d edu ctive  
reaso ning .
A b ility  to  en visio n  m u ltip le  scena rios  
and p rio rit ize  m ost probable outcom es
4, 5 12
d e m on strates stro n g  u n derstan ding 
o f m ultip le  sce n a rio s  o r outcom es 
from  a g iv en  situ atio n  o r so c ia l-  
e co lo g ica l co n text; uses e vid en ce  and 
reaso n in g  to  prioritize m ost probable 
outcom es.
dem on strates un derstan ding of 
m ultip le  scen ario s o r outcom es from  
a g iven  situatio n; prioritizes most 
probable  outcom es but re aso n in g  is 
unclear.
ab le  to  e n v is io n  other po ssib le  
outcom es or scen ario s from  a given  
situatio n; a b le  to  prioritize  outcom es 
but not a b le  to  exp la in  reaso ning.
so m ew h at a b le  to  e n v is io n  other 
p o ss ib le  outcom es o r sce n a rio s  from  
a g iven  situ atio n ; un able  to  prioritize 
o u tco m e s.
U n a b le  to  e n v is io n  m ultip le  scen ario s 
o r outcom es from  a g iven  situatio n; 
no prioritization o f outcom es.
A b ility  to  v ie w  problem s w ith in  a social- 
eco logical syste m  conte xt
6 11
D em o n strate s strong u n derstan ding 
o f problem  in a system  w ith m ultip le 
re lationsh ips betw een sy ste m  parts; 
hum ans and e co sy stem  are  an 
integrated  syste m ; un derstan ding of 
co n stra in in g  fa cto rs in th e  system  
(ex. H u m an  live lih o o d  and b io lo gica l 
im pacts o f in vasives m ust be 
co n sid ere d  to  m ake a decision).
D e m o n strates un de rstan ding of 
problem  in a sy ste m  w ith m ultip le 
re lationsh ips betw een sy ste m  parts; 
hum ans and e co sy stem  are  an 
integrated; so m e un derstan ding o f 
co n stra in in g  fa cto rs in the  system .
D e m o n strates so m e u n derstan ding o f 
re lationsh ips betw een sy ste m p a rts ; 
hum ans and e co sy stem  are 
so m ew h at integrated; system  
co nstra in ts so m ew hat understood.
R e co g n ize s  fe w  re lationsh ips 
betw een sy ste m  parts; hum ans and 
eco system  are  so m ew h at integrated; 
syste m  co nstrain ts not understood.
H um an centered  sy ste m  o r iso lated  
e co lo g ica l system ; no co nnection  to  
other system s or co nstra in ts.
A b ility  to  th in k  about fu tu re  eve n ts or 
future  d e sire d  eco logical sta te s  and  
antic ipate th e  co n seq u en ces o f present  
actions
6, 7 10
U se s  c a u sa l re lationsh ips to  
a n tic ip ate  fu ture  events, 
d e m on strates un derstan ding of 
hum an a b ility  to  a ct on an  e co lo g ica l 
issu e , d em on strates w hy th is action  
is im portant.
U se s  c a u sa l re lationsh ips to  
an t ic ip a te  fu ture  events, 
dem on strates un derstan ding of 
hum an a b ility  to  act on an  e co lo g ica l 
issu e , but has an  incom p lete  
un derstan ding o f w hy th is actio n  is 
im portant.
D e m o n strates so m e u n derstan ding of 
how  human actio n  can  e ffect future 
events o r e co lo g ica l states, uses 
incom p lete  reaso n in g  to  e xp la in  w hat 
th e se  future  states m ight be; has 
incom p lete  u n derstan ding w hy this 
actio n  is im portant.
Dem o n strates litt le  un derstan ding of 
ho w  human actio n  can  e ffec t future 
events o r e co lo g ica l sta tes ; does not 
e xp la in  w h at th e se  fu ture  states 
m ight be; has little  u n derstan ding 
w hy th is actio n  is im portant.
D em o n strate s no co nnection  betw een 
hum an action s an d  fu ture  eco lo g ica l 
sta te s  or future  events.
B o ld  d e cis io n  m aking in th e  face of 
uncertainty
7 10, 15
A b le  to  m ake a w e ll-reaso n ed  
d e cis io n  w ith inform ation av a ilab le ; 
A b le  to  identify  so urces o f 
un certa inty  in d e c is io n  m akin g and 
fu rth er in fo rm atio n  needs.
U se s  inform ation a v a ila b le  to  m ake a 
decisio n , reaso n in g  is m ostly  c lear; 
A b le  to  identify  so urces o f 
un certa inty o r fu rth er inform ation 
needs.
U se s  inform ation a v a ila b le  to  m ake a 
de cisio n , but reaso n in g  is not clear. 
So m ew hat a b le  identify  so urces o f 
un certa inty  o r fu rth er inform ation 
needs.
M akes a d ecisio n , but reaso n in g  is 
not c le a r and is not b ased  on the 
a v a ila b le  inform ation. So m ew hat ab le  
identify  so urces o f un certa inty  or 
fu rth er inform ation needs.
U n a b le  to  exp la in  d e cisio n -m ak in g; 
un able  to  identify so urces of 
un certa inty  in d e cisio n  m aking or 
fu rth er inform ation needs.
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Appendix 5.4 R esilien ce  T h ink ing  In terv iew  
Name Date Period
Recording file name________________________________________  interview length_________________
1. T ake a lo o k  at th e  g rap h s o f  resu lts  from  o u r c lass study on  th e  im p ac t o f  in v asiv e  E u ro p ean  
b ird  cherry  on  stream  hab itats. W h a t do  th ese  g rap h s m ean? W h a t do th ey  tell u s ab o u t our 
study resu lts?
2. A  sc ien tis t n am ed  D av e  R o o n  d id  th is  sam e study  in  A n ch o rag e  in  a sa lm on  stream  in 
d o w ntow n  A nchorage. H e  g o t d iffe ren t resu lts  th an  us. H e  fo u n d  th a t E u ro p ean  b ird  cherry  
leav es  d id  n o t a ffec t th e  n u m b er o r th e  k inds o f  stream  in v erteb ra tes  in  h is le a f  bags.
a. W hose results do you trust? W hy?
b. W hy do you think he got different results?
c. Is there anything that you have observed or thought about that provides evidence that you are 
right? How does that evidence show that your reasoning is correct?
d. Could you suggest an experim ent or investigation different than the one we completed in 
class that would show whether you are right?
e. W hat would you expect the results o f  your investigation to be? How would those results show 
that you are right?
3. In Fairbanks and North Pole, people really love European bird cherry. M y mom and dad have one 
in their yard. It is one o f  the only trees that can grow in Fairbanks that has beautiful blossoms in the 
spring. It is really beautiful. Stores and greenhouses sell it, and it makes them  a lot o f  money. We 
saw in our study, though, that European bird cherry can change stream habitats. Bird cherry has 
begun to spread rapidly along streams in Alaska. A lot o f  it has spread on the Chena River.
a. Is  th ere  an y th in g  hu m an s can  do ab o u t th is  conflic t?
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b. W h a t shou ld  w e  do?
c. I f  y o u  g e t rid  o f  th e  b ird  cherry , w h a t do  y o u  tell th e  p eo p le  w h o  lo v e  it, and  the  
peo p le  w h o  m ake m oney  o f f  o f  it?
d. I f  y o u  keep  th e  b ird  cherry , w h a t do y o u  th in k  w ill hap p en  to  th e  stream  hab ita ts?
e. C an  y o u  th in k  o f  a w ay  to  so lve th is  p ro b lem  so th a t p eo p le  and  stream  h ab ita ts  b o th  
end  up  in  a go o d  state?
f. How much confidence do you have that this solution would work? W hat makes you uncertain 
about the plan? W hat could change without your control?
g. I f  people listened to your solution, do you think this solution would work a long time from 
now, say, 30 years from now? W hy do you think so?
h. W hat would happen in 30 years i f  they didn’t  listen to your solution?
i. W ould you change your idea after thinking about it from a more long-term perspective?
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CHAPTER 6
Educating for resilience in the North: building a toolbox for teachers
Published manuscript: Spellman KV (2015) Educating for resilience in the North: building a toolbox for teachers. 
Ecology and Society 20(1):46. Special issue “Pathways of Resilience in a Rapidly Changing Alaska”
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Abstract
C o m m u n ities  a t fa r n o rth ern  la titu d es  m u st resp o n d  rap id ly  to  th e  m any  co m p lex  p ro b lem s th a t 
are aris ing  from  a chan g in g  clim ate. A n  em erg ing  bo d y  o f  th eo re tica l and  em pirica l w o rk  has 
exp lo red  th e  ro le  th a t education  p lays in  en h an cin g  th e  re s ilien ce  and  adap tab ility  o f  social- 
eco log ical system s. T o  fo s te r  effec tive , local and  tim e ly  re sp o n ses  o f  h ig h  la titu d e  co m m unities  
to  c lim ate -d riv en  so c ia l-eco lo g ica l change, educato rs need  access to  successfu l and  effic ien t 
teach in g  to o ls  to  fo s te r re s ilien ce-p ro m o tin g  feedbacks. T he po ten tia l fo r  ex isting  teach in g  
p rac tices  to  add ress th is  need, how ever, m u st b e  in v estig a ted  and  co m m u n ica ted  to  teachers. This 
p ap e r rev iew s th e  ed u catio n  and  susta inab ility  sc ience lite ra tu re  on  a ttrib u tes  o f  re s ilien ce  to  
w h ich  fo rm al edu catio n  can  co n trib u te  and  in v estig a tes  teach in g  stra teg ies th a t he lp  enhance 
th ese  a ttribu tes. U sin g  exam ples from  A laska , I exam ine  th e  po ten tia l fo r system s th ink ing , 
m etaco g n itio n , scenario s th ink ing , c itizen  science, and  stew ardsh ip  learn in g  to  p rom ote  
re silien ce  in  soc ia l-eco log ica l system s. I b eg in  to  d eve lop  a to o lb o x  o f  teach in g  s tra teg ies fo r 
re s ilien ce  ed u catio n  and  su g g est po licy  fo r fo rm al schoo ls to  in co rp o ra te  th ese  to o ls  in to  
everyday  teach in g  practice.
Keywords: A laska; c itizen  science; h um an  capita l, m etacogn ition ; pedagogy; scenarios th ink ing ; 
sense o f  p lace; social cap ita l; soc ia l-eco log ica l resilience; system s th in k in g
205
Introduction
L ea rn in g  is fun d am en ta l to  soc ia l-eco log ica l re s ilien ce  (F o lke  et al. 2009), o r th e  capacity  
to  re sp o n d  and  shape ch an g e  in  w ay s th a t susta in  and  develop  th e  fun d am en ta l function , 
s tructure , id en tity  and  feed b ack s in  a soc ia l-eco log ica l system  (C h ap in  e t al. 2009). O nly  recen tly  
have  edu catio n  and  soc ia l-eco log ica l system  re silien ce  lite ra tu re  b eg u n  to  add ress h o w  th e  tw o  
fie ld s  m ig h t in te rsec t and  crea te  learn in g  op p o rtu n ities  th a t effec tively  ta rg e t and  co n trib u te  to  
re s ilien ce  (T idball and  K rasn y  2011). A  g ro w in g  bo d y  o f  re search  exp lo res th e  w ay  learn in g  in  
in fo rm al ed u catio n  settings lik e  y o u th  cam ps, com m u n ity  g roups, and  u rb an  gard en s can  b u ild  
a ttrib u tes o f  re s ilien t soc ia l-eco log ica l system s such as social cap ita l, im p ro v ed  ecosystem  
serv ices, and  sense o f  p lace  (F azey  e t al 2007 , K rasn y  and  T idball 2009a, K o fin as  2009, T idball 
and  K rasn y  2010, K u d ry av tsev  et al. 2012a). F a r less has b een  done in v estig a tin g  the  strateg ies 
o r teach in g  to o ls  av a ilab le  to  co m pu lso ry  school teach ers  to  help  fo s te r th ese  resilien ce-b u ild in g  
o u tcom es (b u t see S risk an d ara jah  et al. 2010). In  a recen t specia l issu e  o f  E c o lo g y  a n d  Society , 
fo rm al schoo ling  a tta in m en t w as  lin k ed  in  nu m ero u s stud ies to  decreases in  d isaste r v u lnerab ility  
and  en h an ced  re silien ce  (rev iew ed  in  M u tta rak  and  L u tz  2014). F o rm al school teach ers  a round  
th e  g lo b e  co m p rise  a large  po ten tia l fo rce  to  shape th e  ab ility  o f  society  to  n av ig a te  th e  rap id  
changes th a t cu rren tly  cha llenge  us. R es ilien ce  re search ers  have  ca lled  fo r rad ical 
tran sfo rm atio n s in  th e  w ay  society  th in k s and  learns to w ard  a m ore ho listic , system atic , 
in teg ra tive , and  p artic ip a to ry  m ode, b u t th is  tran sfo rm atio n  is u n lik e ly  to  o ccu r u n a id ed  (S terling
2010). T here  is a c lea r need  at th e  in te rsec tio n  o f  re s ilien ce  and  education  research  to  iden tify , 
test, and  re fin e  teach in g  stra teg ies th a t can  b es t enco u rag e  and  a ide fo rm al school teach ers  in  
b u ild in g  th e  cap acities  in  th e ir  s tuden ts n ecessary  fo r m an ag in g  rap id  g lobal changes.
T here  is perh ap s no  p lace  w h ere  th is  n eed  is m ore  u rg en t th an  in  h ig h  la titu d e  n o rthern  
system s, w h ich  are in  th e  m id st o f  u n p reced en ted  ra te s  o f  social and  eco log ical change (H inzm an
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et al. 2005 , H u n tin g to n  et al. 2007). In c reasin g  fire  frequency , p e rm afro st deg radation , coasta l 
erosion , sp read  o f  in v asiv e  species, d ec reasin g  sea ice  ex ten t, in creasin g  h u m an  popu lation , and 
accu m u la tin g  h um an  im p acts  on ecosystem s, am o n g  o th er changes, in te rac t to  c reate  cha llenges 
th a t arctic  and  subarctic  co m m u n ities  m u st add ress to  susta in  th em se lv es  (A C IA  2004). In 
A laska , p u b lic  hea lth , tran sp o rta tio n , in dustry  and  p u b lic  w o rk s are all b e in g  affec ted  by  the  
ch ang ing  co n d itio n s (M ark o n  et al. 2012). E n v iro n m en ta l changes have  also  th rea ten ed  m any  
in d ig en o u s A lask an  v illages, fo rc in g  m ig ra tio n  o f  co m m u n ities  due to  acce lera ted  erosion , 
flo o d in g  o r p e rm afro s t th aw  (M ald o n ad o  et al. 2013). C h an g es in  d is tu rb an ce  reg im es and  access 
h ave  also  d isru p ted  trad itio n a l su b sisten ce  food  p rac tices  (K ofinas et al. 2010). A  rap id ly  
ch ang ing  c lim ate  h as  h asten ed  m any  o f  th ese  changes (A C IA  2 004) and  d ecreased  th e  resp o n se  
tim e th a t n o rth ern  co m m u n ities  hav e  to  tack le  th e  com p lex  p ro b lem s th a t arise. A laskan  teach ers 
cou ld  b e  a la rg e  system atic  fo rce  and  asse t fo r h e lp ing  create  a society  ab le  to  n av ig a te  rap id  
c lim ate-d riv en  change, and  h av e  h e ig h ten ed  n eed  to  ob ta in  teach in g  to o ls  th a t m o st effec tively  
and  effic ien tly  fo s te r soc ia l-eco log ica l resilience.
T he o b jec tive  o f  th is  m an u scrip t is to  iden tify  and  d iscuss teach in g  s tra teg ies fo r K -16  
c lassroom  teach ers  in  A laska , o r beyond , th a t ta rg e t spec ific  a ttrib u tes o f  socia l-eco log ical 
system  resilience . In  th e  firs t section, I rev iew  som e o f  th e  a ttribu tes o f  re s ilien t socia l-eco log ical 
system s th a t c lassroom  teach in g  s tra teg ies cou ld  support. In  th e  second  section , I exam ine  som e 
o f  th e  lea rn in g  to o ls  th a t h av e  b o th  b een  p ro p o sed  w ith in  th e  re silien ce  lite ra tu re  to  en h an ce  the  
re s ilien ce  o f  a soc ia l-eco log ica l system , and  b een  d ev e lo p ed  and  tes ted  w ith in  th e  education  
lite ra tu re . I p ro v id e  exam ples o f  im p lem en tin g  th ese  learn in g  to o ls  in  fo rm al education  settings, 
and  w h ere  possib le , in  A laska. I conc lude  w ith  a d iscu ssio n  o f  po ten tia l h u rd les  and  po ten tia l 
so lu tions fo r  in co rp o ra tin g  th ese  to o ls  in to  co m m o n  teach in g  p ractice.
207
T he su sta inab ility  o f  a system  is o ften  th o u g h t o f  as th e  lo n g  term  m ain ten an ce  of, or 
in v es tm en t in, th e  cap ita l w ith in  th e  system  (C hap in  et al. 2009). T he fo rm s o f  cap ita l inc lude  
natu ra l, bu ilt, h um an  and  social cap ita l (A rro w  e t al. 2004). T he co n cep t o f  cap ita l has p ro v id ed  a 
w ay  to  q uan tify  o r assess w h e th e r a m an ag em en t d ec is io n  o r social p rac tice  is susta inab le  
(A rro w  et al. 2004). M u ltip le  au tho rs w ith in  the  re s ilien ce  lite ra tu re  have  suggested  th a t 
co m m u n ities  w ith  h ig h e r leve ls  o f  h u m an  and  social cap ita l n o t on ly  can  susta in  th em selv es, b u t 
are b e tte r  ab le  to  resp o n d  to  and  shape changes in  th e  soc ia l-eco log ica l system  (i.e. m ore 
resilien t; O strom  2000, A d g er 2003 , W a lk e r and  S alt 2006 , P lu m m er and  F itzG ib b o n  2007, 
M u tta rak  and  L u tz  2014). In  th e ir  concep tual fram ew o rk  on re s ilien ce  and  education , T idball and 
K rasn y  (2010, 2 011) iden tify  social cap ita l, p a rticu la r aspects  o f  h u m an  cap ita l, and  sense  o f  
p lace  as key  o u tcom es o f  ed u catio n  th a t g en e ra te  re s ilien ce-su p p o rtin g  feed b ack s w ith in  a social- 
eco log ical system . H u m an  capita l, social cap ita l, and  sense  o f  p lace  are construc ts  th a t span 
m u ltip le  d isc ip lines, scales, and  d efin itio n s  (K u d ry av tsev  e t al. 2012a, 2012b , K rasn y  et al.
2013). T his sec tion  o f  th e  p ap e r d raw s u p o n  edu catio n  and  re s ilien ce  research  to  d iscuss and 
defines th ese  e lem en ts  w ith in  th e  T idball and  K rasn y  (2010, 2 011) fram ew ork .
Human capital
H u m an  cap ita l is defin ed  as th e  sk ills and  cap ab ilities  th a t enab le  a perso n  to  ac t in  new  
w ay s in  th e  ed u catio n  lite ra tu re  (C o lem an  1988) o r as th e  capac ity  o f  p eo p le  to  acco m p lish  th e ir 
goals  in  th e  re s ilien ce  lite ra tu re  (A rro w  et al. 2004). B o th  ag ree  th a t h u m an  cap ita l is in creased  
by  learn in g  (C o lem an  1988, A rro w  et al. 2004). In  fact, m o st social sc ience stud ies on  th e  sub ject 
u se  th e  level o f  edu catio n  attained , o r level o f  education  a tta ined  b y  p aren ts  in  th e  case  o f  you th , 
as th e  p rim ary  in d ica to r o f  h um an  capita l (rev iew ed  in  F erg u so n  2006).
Resilience attributes and education
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B o th  cu rren t tren d s in  education  po licy  and  p ractice , and  th in k in g  w ith in  re s ilien ce  theo ry  
call fo r a sh ift in  in v es tm en t in  h um an  capita l from  th e  m ore  trad itio n al in v es tm en t in  k n o w led g e  
acqu isition , to  in v es tm en t in  critica l and  re flec tiv e  th in k in g  sk ills (D usch l e t al. 2007, F azey  et al. 
2007, S terling  2010, N R C  2012). In  th e ir  N a tio n a l R esea rch  C ouncil ed u catio n  re search  rev iew  
o f  b e s t p rac tices  in  sc ience education , D u sch l e t al. (2007) advocated  th a t th e  dev e lo p ers o f  
m an d ated  cu rricu la  and  science ed u catio n  standards sh ift focus from  science as a co llec tio n  o f  
facts  to  sc ience as a re flec tiv e  and  ite ra tiv e  process. T he U S A  national F ra m e w o rk  f o r  K -1 2  
S cien ce  E d u ca tio n  (N R C  2 012) resp o n d s to  th is  reco m m en d atio n  by  em p h asiz in g  the  
c ro sscu ttin g  co n cep ts  and  p rac tices  o f  science, such  as system s m odelling , stab ility , and  change, 
th ro u g h o u t th e  n ew est national sc ience s tandards (the  N e x t G en era tio n  S c ien ce  S ta n d a rd s ). 
H u m an  cap ita l in v estm en ts  th a t h av e  b een  ad v o cated  fo r in  th e  re s ilien ce  lite ra tu re  p rim arily  
in c lu d e  th in k in g  sk ills th a t im p ro v e  p eo p le ’s ab ility  to  an tic ipate , u nderstand , re flec t upon , and 
learn  from  change w ith in  a com p lex  soc ia l-eco log ica l system  (C arp en te r 2002 , M E A  2005,
F azey  et al. 2007, A sch e r 2009 , C hap in  et al. 2009, K o fin as  2009, T sch ak ert and  D ie trich  2010, 
T idball &  K rasn y  2011). U n d e rs tan d in g  w h ich  teach in g  too ls  can  b e s t help  teach ers  ach iev e  th is 
sh ift in  h u m an  capita l in v estm en t w ill c learly  a ide th is  effort. I t can  b e  a rgued  th a t th e  goal o f  all 
ed u catio n  s tra teg ies is to  in crease  h um an  capita l. T h is  paper, th ere fo re , id en tifies  teach in g  
stra teg ies th a t in c rease  th e  above m en tio n ed  spec ific  aspects  o f  h u m an  cap ita l ad v o cated  fo r in  
th e  re silien ce  lite ra tu re  and  recen t education  reform s.
Social capital
Social cap ita l is defined  as re la tio n sh ip s  b e tw een  p eo p le  th a t fac ilita te  ac tion  (C o lem an  
1988). In  a fo rm al ed u catio n  setting , th is  in c lu d es  re la tio n sh ip s  b e tw een  students, paren ts, 
educato rs  and  th e  b ro a d e r com m u n ity  th a t p rom ote  learn in g  (C o lem an  1988). T he co n cep t o f  
social cap ita l has b een  u sed  w id ely  to  help  exp la in  academ ic  success in  a t-risk  y o u th  (C o lem an
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1988, F u rs ten b u rg  and  H u g h es 1995, D y k  and  W ilso n  1999) and  y o u th  d ev e lo p m en t ou tcom es 
(rev iew ed  in  F erg u so n  2006). C o lem an  (1988) argues th a t in v es tm en t in  social cap ita l w ith in  
school system s is as im p o rtan t as th e  m ore trad itio n a l in v estm en t in  h u m an  cap ita l in  
d e term in in g  th e  ab ility  o f  studen ts  and  co m m u n ities  to  successfu lly  learn  and  ac t in  n ew  w ays. 
W ith in  th e  re silien ce  lite ra tu re , A h n  and  O strom  (2008) go  b ey o n d  th e  C o lem an  (1988) 
d efin itio n  o f  social cap ita l to  in c lu d e  th e  v a lu es  and  re la tio n sh ip s  th a t h av e  b een  c rea ted  in  the  
p as t th a t can  b e  u sed  to  n av ig a te  soc ia l-eco log ica l p ro b lem s in  th e  p re sen t o r fu ture.
In  a system atic  rev iew  o f  ed u catio n  stud ies u sin g  social cap ita l as a gu id in g  construct, 
F erg u so n  (2006) iden tifies  com m u n ity  social cap ita l as a m ajo r co n trib u to r to  a ch ild ’s w e ll­
being . E d u ca tio n , social science, and  re silien ce  research ers  ty p ica lly  g roup  in d ica to rs o f  
com m u n ity  social cap ita l in to  th ree  categories: social sup p o rt netw orks, c iv ic  en g ag em en t in  
local institu tions, and  tru s t and  safety  (P u tnam  1995, F erg u so n  2006, A h n  and  O strom  2008). In  
th e ir  p io n eerin g  lite ra tu re  syn thesis  and  p ilo t study, K rasn y  et al. (2013) d ev e lo p ed  a concep tual 
m odel th a t links social cap ita l to  a ttrib u tes  o f  soc ia l-eco log ica l re s ilien ce  th a t env ironm en ta l 
ed u catio n  can  stim ulate , in c lu d in g  p o sitiv e  y o u th  developm en t, com m u n ity  w ell-b e in g , natu ra l 
cap ita l, and  eco sy stem  services. T h eir p ilo t su rvey  m easu rin g  social cap ita l in  in n er-c ity  y o u th  
fo u n d  th a t s tuden ts in v o lv ed  in  co m m u n ity -b ased  env ironm en ta l s tew ardsh ip  p ro jec ts  show ed  
in creased  in fo rm al so c ia liza tio n  and  d iversity  o f  friendsh ips, tw o  in d ica to rs  o f  social support 
n e tw o rk s in  you th , co m p ared  to  studen ts  w h o  d id  n o t p a rtic ip a te  in  sim ilar env ironm en ta l 
education  p ro g ram s (K rasny  et al. 2013). T hey  p ro p o se  th a t by  co n tin u in g  to  engage studen ts in  
th ese  ty p es  o f  en v iro n m en ta l s tew ardsh ip  p ro jec ts, am p lify in g  feed b ack s fo r re s ilien ce  can  be  
c reated  fo r a com m u n ity  at th e  in te rface  o f  ed u catio n  and  local re so u rce  m an ag em en t (K rasny  et 
al. 2013).
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Sense o f  place
S ense o f  p lace  is th e  “m ean in g s and  a ttach m en t to  a se tting  he ld  by  an  ind iv idua l or 
g ro u p ” (S ted m an  2002). T his d e fin itio n  h ig h lig h ts  th e  tw o  m a jo r co m p o n en ts  o f  th e  sense o f  
p lace  co n stru c t: 1) p lace  m ean ing , o r th e  sym bo lic  m ean in g s th a t p eo p le  assign  to  p laces, and  2) 
p lace  attachm en t, o r th e  b o n d  b e tw een  p eo p le  and  th e ir  en v iro n m en t (S ted m an  2002). Sense o f  
p lace  has rece iv ed  in c reasin g  a tten tio n  in  th e  re silien ce  lite ra tu re  as an  a ttrib u te  w ith in  
in d iv id u a ls  o r g ro u p s o f  p eo p le  th a t can  fo s te r soc ia l-eco log ica l re s ilien ce  (K u d ry av tsev  et al. 
2012a, 2012b). Sense o f  p lace  h as  also  rece iv ed  p ro m in en t a tten tio n  in  ch ild  d ev e lo p m en t and 
education  lite ra tu re  as critica l to  y o u th  w e ll-b e in g  (C h aw la  1992, W ilso n  1997, C ap ra  1999,
L o u v  2008, R u sse ll e t al. 2013). Several em pirica l stud ies h av e  d em o n stra ted  th a t the  m ean ings 
and  a ttach m en ts p eo p le  g iv e  to  p laces can  stim u late  h u m an  cap ita l by  in creasin g  pro - 
en v ironm en ta l beh av io rs , concerns, and  in ten tio n s  (S tedm an  2002, W a lk e r and  C hapm an  2003, 
R y an  2005, R io u x  2011). O th er em pirica l and  th eo re tica l stud ies su g g est th a t th e  learn in g  and 
k n o w led g e  ab o u t a p lace  (ex is tin g  h u m an  cap ita l) can  change th e  a ttach m en t and  m ean in g  they  
g iv e  to  th e  p lace  (T aun  1977, S em ken  et al. 2009). W h en  strong  sense  o f  p lace  is he ld  by  a 
group , several au tho rs th eo rize  th a t social cap ita l can  b e  in c reased  by  co n n ectin g  p eo p le  th ro u g h  
a com m o n  co n cern  and  id en tity  and  in crease  th e  capacity  fo r co llec tiv e  ac tion  to  m an ag e  natu ra l 
re so u rces  (O strom  1990, M ille r  1992, A h n  and  O stro m  2008). E isen h au e r et al. (2000) fo u n d  th a t 
social in te rac tio n s  can  also  b e  an  im p o rtan t co n trib u to r to  d ev e lo p in g  p lace  attachm ent. T hese  
stud ies suggest th a t sense o f  p lace  has a rec ip roca l re la tio n sh ip  w ith  h um an  and  social capital, 
w ith  th ese  stocks fo r re s ilien ce  bo th  co n trib u tin g  to  sense o f  p lace  and  sense o f  p lace  
co n trib u tin g  to  them . T h is am p lify in g  feed b ack  m ay p ro m o te  re silien ce  by  in c reasin g  the  
capacity  fo r and  lik e lih o o d  o f  in d iv id u a ls  o r co m m u n ities  ac tive ly  m an ag in g  changes in  social- 
eco log ical system s.
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Review of resilience learning tools
S pecific  teach in g  p rac tices  have  b een  suggested  in  th e  re s ilien ce  lite ra tu re  to  help  
en h an ce  h u m an  capita l, social cap ita l, o r sense o f  p lace . T hese  s tra teg ies in c lu d e  system s 
th in k in g  (S terlin g  2003, K o fin as  2009), m etaco g n itio n  (F azey  e t al. 2007), scenario s th in k in g  
(M E A  2005, K o fin as  2009), c itizen  sc ience (B erkes 2002, Jo rd an  et al. 2012 , T idball and  K rasn y  
2 012) and  stew ardsh ip  learn in g  (K evany  2007, K rasn y  and  T idball 2009a, 2009b). I chose  to  
d iscuss th ese  fiv e  to o ls  in  th e  fo llo w in g  sec tion  b ecau se  all h av e  b een  th o ro u g h ly  re search ed  
w ith in  the  ed u catio n  lite ra tu re  and  have  po ten tia l to  b e  p rac tica lly  app lied  in  fo rm al classroom  
settings to  ta rg e t learn in g  to w ard  th e  ab o v e  a ttrib u tes  o f  re s ilien t soc ia l-eco log ica l system s. 
Systems thinking
System s th in k in g  is a m o d e o f  teach in g  th a t sh ifts  th e  focus o f  learn in g  b ey o n d  iso la ted  
facts  and  concep ts  to  em p h asize  th e ir  re la tio n sh ip s  w ith  o th er co n cep ts  in  a system s con tex t 
(Jo rdan  et al. 2009, B o ersm a  et al. 2011). S tuden ts are ch a llen g ed  to  co n sid er som e o f  the  
fun d am en ta l p ro p erties  o f  com plex  system s such as n o n -lin ea r re la tio n sh ip s  (i.e. am p lify in g  and  
stab iliz ing  feed b ack s) b e tw een  system  parts, system  parts o p era tin g  at m u ltip le  spatial or 
tem p o ra l scales, o r em erg en t p ro p e rtie s  o f  system s th a t on ly  o ccu r w h en  th e  m u ltip le  parts 
in te rac t (M ead o w s 2008, B en -Z v i A ssa ra f  and  O rion  2010). Jo rd an  et al. (2009) p ro p o se  th a t 
system s th in k in g  can  aid  a s tu d en t’s co n stru c tio n  o f  th e ir  ow n k n o w led g e  (cf. D riv e r et al. 1994). 
T his is ach iev ed  by  g iv in g  studen ts  p rac tice  d ev e lo p in g  m ental m odels  o f  ab strac t social- 
eco log ical co n cep ts  and  fittin g  th e ir  n ew  learn in g  ab o u t a system  w ith in  th e  construc ts  o f  th e ir 
p rio r k n o w led g e  (C raw fo rd  and  Jo rd an  2013).
L ea rn ers  m u st b e  tau g h t h o w  to  th in k  in  system s; system s th in k in g  is n o t necessa rily  an 
in n ate  skill (S term an  and  S w eeney 2007). S tuden ts as y o u n g  as 8 y ea rs  o ld  can  g a in  system s 
th in k in g  sk ills  and  app ly  th em  w ith in  a soc ia l-eco log ica l co n tex t (W ylie  et al. 1998), and  th ese
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sorts o f  learn in g  in te rv en tio n s  can  hav e  lastin g  effec ts (B en-Z v i A ssa ra f  and  O rion  2010).
P lac in g  lea rn in g  w ith in  a soc ia l-eco log ica l system s co n tex t m ay fu rth e r en h an ce  th e  im p ac t th is  
too l h as  on fo ste rin g  re silien ce  (S terlin g  2003, K y b u rz -G rab e r et al. 2006 , K rasn y  2009). T he 
learn in g  stra tegy  has b een  em p lo y ed  in  re so u rce  m an ag em en t p lan n in g  w o rk sh o p s to  help  
v isu a lize  the  im p acts  o f  c lim ate  change on co m m unities (C one et al. 2012 , G ray  et al. 2012,
C one et al. 2013). C one et al. (2012), fo r exam ple , found  th a t by  u sin g  co n cep t m ap p in g  to  
fac ilita te  system s th in k in g , p artic ip an ts  w ere  b e tte r  ab le  to  gau g e  th e  com p lex  risks clim ate  
change m ig h t b rin g  to  th e ir  com m unity , and  b e tte r  p lan  to  red u ce  th o se  risks. W ith in  y o u th  
education  settings, C raw ford  and  Jo rd an  (2013) ad v o cate  fo r g rea te r u se  o f  system s th in k in g  and 
p rac tice  w ith  concep tual m o d ellin g  in  sc ience and  en v ironm en ta l ed u catio n  to  b u ild  studen t 
capacity  to  th in k  critica lly  ab o u t o u r chan g in g  soc ia l-eco log ica l system s.
In  A laska , system s th in k in g  has tak en  a p ro m in en t ro le  as a learn in g  stra tegy  in  the  
A lask a  Seas and  R iv ers  C urricu lu m  (A lask a  Sea G ran t 2009). T he en d u rin g  u n d ers tan d in g s th a t 
th e  cu rricu lum  u ses  to  fram e th e  lea rn in g  goals  o f  th e  lesso n s in c lu d e  th e  fo llow ing : “w ate rsheds, 
rivers, w e tlan d s, and  th e  one b ig  ocean  o f  th e  w o rld  are an  in te rco n n ec ted  sy stem ;” “ th e  ocean  
and  hu m an s are in ex tricab ly  lin k ed ;” and  “ co n n ectio n s b e tw een  hu m an s and  th e  ocean  are 
im p o rtan t.” Several lesso n s in c lu d e  d raw in g  o r b u ild in g  m odels o f  local o r g lobal scale social- 
eco log ical system s. T ab le  6.1 con tains p ractica l m eth o d s th a t have  b een  u sed  in  c lassroom s in  
p laces  o th er th an  A lask a  to  app ly  system s th in k in g  in  fo rm al ed u catio n  program s.
Metacognition
B o th  education  and  re silien ce  scho lars hav e  argued  th a t an  in creased  em phasis  on 
m etaco g n itio n , o r th e  k n o w led g e  o f  and  ab ility  to  reg u la te  o n e ’s ow n th in k in g  and  learn ing , is 
essen tia l to  b u ild in g  ad ap tiv e  capacity  o f  in d iv id u a ls  and  socie ties  (B ran sfo rd  et al. 2000 , F azey  
et al. 2007). M etaco g n itio n  is in h eren t in  the  co n cep t o f  m u ltip le  loop  learn ing , w h ich  com bines
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m etaco g n itio n  w ith  g roup  learn in g  from  ac tions and  is com m only  c ited  in  ad ap tiv e  m an ag em en t 
and  re s ilien ce  lite ra tu re  (A rgyris  and  Schon1978 , S enge 1990, K o fin as  2009). A  b ro ad  and 
d iverse  bo d y  o f  education  lite ra tu re  has exp lo red  th e  im p ac t o f  m etaco g n itio n  on learn in g  
(rev iew ed  in  D ig n a th  and  B u ttn e r 2 008) and  m any  im p lem en ta tio n  s tra teg ies th a t hav e  b een  
d ev e lo p ed  fo r c lassroom  u se  (see T ab le  6.1 fo r exam ples). M etaco g n itiv e  ab ility  can  in crease  
w ith  age (F lavell e t al. 1995) and  w ith  p rac tice  th ro u g h o u t o u r lives (B ro w n  and  D eL o ach e  1978, 
D o ran  and  C am ero n  1995). C om p ared  to  studen ts  w h o  learn ed  th ro u g h  o th er approaches, 
studen ts  w h o  p rac ticed  m etaco g n itiv e  learn in g  im p ro v ed  th e ir  level o f  d isco u rse  on  eco log ical 
to p ics  and  show ed  lo n g er te rm  re ten tio n  o f  th e ir  eco logy  u n d ers tan d in g  (B lan k  2000). F urther, 
studen ts  w h o  p rac tice  m etaco g n itio n  show ed  g rea te r flu id  in te lligence , th e  k in d  o f  k n o w led g e  
th a t a llow s fo r p ro b lem  so lv ing  w h en  faced  w ith  n ew  in fo rm atio n  o r stim uli (R o sen cw ajg  2003). 
T hese  em pirica l stud ies su g g est th a t m etaco g n itiv e  teach in g  ap p ro ach es m ay b e  usefu l in  
en h an cin g  studen t ab ility  to  app ly  k n o w led g e  flex ib ly  and  restru c tu re  k n o w led g e  in  th e  face  o f  
rap id  en v ironm en ta l change.
A  recen t study in  A lask a  tes ted  w h e th e r ex p lic it m etaco g n itiv e  p rac tice  co u ld  im prove  
en v ironm en ta l p ro b lem  so lv ing  sk ills on  a local rap id  so c ia l-eco lo g ica l change issue, n on-na tive  
p lan t in v asio n  in  th e  b o rea l fo res t (C h ap te r 5). H a lf  o f  th e  108 seven th  g rad e  studen ts had  daily  
m etaco g n itiv e  p rac tice  em b ed d ed  in to  th e ir  lessons in  th e  fo rm  o f  m etaco g n itiv e  jo u rn a lin g  
exercises, w h ile  th e  o th er h a lf  o f  th e  studen ts  d id  not. C o m p ared  to  studen ts w h o  did  no t 
com ple te  daily  m etaco g n itiv e  jo u rn a lin g , s tuden ts w ith  in itia lly  lo w  p ro b lem  so lv ing  ab ility  w h o  
p rac ticed  m etaco g n itio n  ten d ed  to  show  g rea te r im p ro v em en t in  th e ir  critica l th in k in g  sk ills on 
an  en v ironm en ta l p ro b lem -so lv in g  assessm ent. T h is  ex p e rim en t dem o n stra tes th a t exp lic it 
in s tru c tio n  in  m etaco g n itio n  can  in c rease  th e  k in d s o f  h u m an  capita l th o u g h t to  b u ild  resilience  
by  crea ting  b e tte r  critica l th in k ers  and soc ia l-eco log ica l p rob lem  solvers.
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E ffec tiv e  p lan n in g  and  th in k in g  ab o u t th e  fu tu re  is a skill th a t can  b e  tau g h t (O rn au er et 
al. 1976, H ick s and  H o ld en  1995, L ied tk a  1998, A sch e r 2009). S cenarios th in k in g  is a too l th a t 
en co u rag es  learners to  create  m u ltip le  s to ries ab o u t p o ssib le  fu tu res b ased  on  a ran g e  o f  
d ec isio n s in  com p lex  se ttings (M ie tzn e r and  R eg e r 2005). B y  im ag in in g  m u ltip le  p o ssib le  paths 
fo r  th e  fu ture , ind iv idua ls , com m unities, o r socie ties  can  b e tte r  u n d erstan d  th e ir  op tions, iden tify  
p rio rities  fo r action , and  p lan  fo r a p o sitiv e  fu tu re  (M ie tzn e r and  R eg er 2005 , C arp en te r e t al. 
2006). T he learn in g  too l is u sed  in  natu ra l re so u rce  m anagem en t, in c lu d in g  in  A laska , to  help  
co m m u n ities  faced  w ith  re so u rce  d ilem m as choose  pa ths th a t w ill b es t help  th em  ach iev e  desired  
m an ag em en t o u tcom es in  th e  fu tu re  (C hap in  et al. 2003, P e te rso n  et al. 2003 , C arp en te r et al. 
2006 , E rn s t and  v an  R iem sd ijk  2013).
T he ex p lic it p rac tice  o f  scenarios th in k in g  in  educational se ttings cou ld  also  en h an ce  a 
p e rso n ’s w illin g n ess  to  engage in  stew ardsh ip  activ ities. H ick s and  H o ld en  (1995) fo u n d  th a t 
w h en  p eo p le  im ag in e  th e  fu ture , they , m o re  o ften  th an  not, im ag in e  local and  g lobal p rob lem s 
stay ing  th e  sam e o r g e ttin g  w o rse  th an  th ey  are now . T hese  pessim istic  v is io n s o f  th e  fu tu re  can  
lead  p eo p le  to  b e liev e  th e ir  p re sen t ac tions w ill n o t m ak e a d iffe ren ce  in  the  fu tu re , and  p ro v id es 
th em  w ith  little  m o tiv a tio n  fo r b eh av io r changes (H icks and  H o ld en  1995). B y  in co rp o ra tin g  
scenarios th in k in g  in to  lea rn in g  experiences (exam ples in  T ab le  6 .1), educato rs cou ld  im p ro v e  
th e  fo rm s o f  h u m an  cap ita l th a t co n trib u tes  to  re s ilien ce  by  in creasin g  p eo p le ’s sk ill-level at 
im ag in in g  a desirab le  fu tu re  and  b e liev in g  th a t th e ir  ac tions can  m ak e a co n trib u tio n  to w ard  
ach iev in g  it (sen su  H ick s and  H o ld en  1995, M ie tzn e r and  R eg er 2005). F u rth er, by  p rac tic in g  
scenarios th in k in g  learn ers  b eco m e b e tte r  p rep ared  to  deal w ith  u n ce rta in ty  and  surprises 
(M ie tzn e r and  R eg e r 2005).
Scenarios thinking
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Citizen science
C itizen  sc ience re fers  to  p artn e rsh ip s  b e tw een  scien tis ts  and  n o n -sc ien tis ts  to  conduc t 
au then tic  sc ien tific  re search  on  a to p ic  o f  in te re st o r co n cern  (C onrad  and  H ilch ey  2011, Jo rdan  
et al. 2012). It in c lu d es  a spec trum  o f  lea rn in g  ex p erien ces  from  “ c itizen  as d a ta  co llec to r” fo r 
scien tis ts  w ith  a p re -d efin ed  questions o r lo n g -te rm  m o n ito rin g  goals, to  “ c itizen  as sc ien tis t” 
co llec tin g  and  an a ly z in g  da ta  on  co m m u n ity -g en era ted  q uestions w ith  the  assis tan ce  o f  experts 
(C onrad  and  H ilch ey  2011, S hirk  e t al. 2012). C itizen  sc ience can  also  tak e  th e  fo rm  o f  
co m m u n ity -sc ien tis t p artn e rsh ip s  to  d o cu m en t ch an g e  th ro u g h  th e  co llec tio n  o f  local and 
trad itiona l eco log ical k n o w led g e  (B ack stran d  2003). T he u se fu ln ess  o f  c itizen  sc ience as b o th  an  
eco log ical m eth o d o lo g y  and  a lea rn in g  too l has rece iv ed  rap id ly  in c reasin g  a tten tio n  in  th e  peer- 
rev iew ed  lite ra tu re  o v er th e  p ast tw o  decades (S ilv erto w n  2009, B o n n ey  et al. 2014).
M an y  o f  th e  d o cu m en ted  o u tcom es o f  c itizen  sc ience p ro g ram s show  po ten tia l fo r 
g radual sh ifts  in  th e  w ay  b o th  scien tis ts  and  com m u n ity  m em b ers  th ink , th e ir  sk ills  fo r so lv ing  
soc ia l-eco log ica l p rob lem s, and  w h a t th ey  v a lu e  (T urnbu ll e t al. 2000, B ro ssa rd  et al 2005,
Jo rd an  et al. 2011 , D ick in so n  e t al. 2012, Jo rd an  et al. 2012). T hro u g h  co llab o ra tiv e  ac tio n  and 
d ialogue, c itizen  sc ience has also  b een  suggested  as a too l to  b u ild  e lem en ts o f  social cap ita l such 
as social n e tw o rk s and  tru s t b e tw een  scien tists, lan d  m an ag ers  and  a d iverse  p u b lic  (B ack stran d  
2003, Jo rd an  et al. 2012 , P an d y a  2012). B erk es (2002) suggests th a t c itizen  sc ience can  b e  used  
as an  im p o rtan t s trategy  to  c reate  c ro ss-sca le  lin k ag es in  re so u rce  m anagem ent. C itizen  science 
g ives local stak eh o ld ers th e  o p portun ity  to  co n trib u te  to  th e  sc ien tific  k n o w led g e  th a t in fo rm s the  
re so u rce  m an ag em en t p o lic ies  b e in g  c rea ted  at reg ional o r national scales (B erkes 2002). 
B u ild in g  on th is  idea, T idball and  K rasn y  (2012) u sed  exam ples o f  c itizen  sc ience in  p o s t­
d isaste r cases to  d em onstra te  h o w  th e  lea rn in g  too l can  b e  u sed  in  adap tive  co -m anagem en t. A s 
suggested  by  B erk es  (2002), T idball and  K rasn y  (2012) a rgued  th a t c itizen  sc ience can  help
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tig h ten  th e  feed b ack  lo o p s b e tw een  stak eh o ld ers  and  m an ag em en t ac tions and  b u ild  re s ilien ce  in  
a soc ia l-eco log ica l system .
C itizen  sc ience has also  b een  asso c ia ted  w ith  a d eep en ed  sense o f  p lace  (E vans et al. 
2005). E v an s et al. (2005) ana lyzed  o u tcom es from  a b ack y ard  b ird  eco logy  c itizen  sc ience 
p ro g ram  u sin g  in te rv iew s and  su rveys and  fo u n d  in creases  in  p a r tic ip a n ts ’ sense o f  place. T hey  
define  sense o f  p lace  as th e  k n o w led g e  and  aw areness o f  and  w illin g n ess  to  ca re  fo r a certa in  
p lace  (E vans e t al. 2005). T his defin itio n  fa lls  m ore  w ith in  th e  p lace  a ttach m en t side o f  th e  sense 
o f  p lace  co n stru c t defined  by  S tedm an  (2002) th an  w ith in  th e  p lace  m ean in g  a sp ec t o f  the  
construct. F ee lin g  m ore  connected  and  aw are  o f  th e  even ts  in  th e ir  b ack y ard s a fte r spend ing  tim e 
co llec tin g  data, lo n g -tim e  resid en ts  s tarted  n o tic in g  and  id en tify in g  d iffe ren t b ird  calls. In 
add ition , m ore  th an  h a lf  th e  p a rtic ip an ts  had  ch an g ed  a s tew ardsh ip  b eh av io r in  re la tio n sh ip  to  
th e ir  y a rd  (E vans et al. 2005).
O ne c itizen  sc ience p rog ram  in  A laska , th e  M elib ee  P ro jec t, team s v o lu n tee rs  from  across 
A lask a  w ith  eco lo g is ts  a t th e  U n iv ers ity  o f  A lask a  to  add ress th e  po ten tia l fo r com p etitio n  
b e tw een  n a tiv e  berry  p lan ts  (V accin ium  spp .) and  an  in v asiv e  p lan t (M elilo tu s  a lb u s)  fo r 
p o llin a to rs  (C h ap te r 4). T ra in ed  v o lu n tee rs  track  the  flo w erin g  p h en o lo g y  th e  focal species 
th ro u g h o u t th e  g ro w in g  season. C o m p ared  to  b efo re  th ey  p a rtic ip a ted  in  the  p ro jec t, M elib ee  
P ro jec t v o lu n tee rs  in c reased  th e ir sc ien tific  k n o w led g e  and  p ro cess  sk ills th ro u g h  v o lu n tee r 
tra in in g s and  teac h e r w o rk sh o p s (A p p en d ix  A ). T hey  rep o rted  in creases in  th e ir  aw areness o f  
in v asiv e  p lan ts, aw areness o f  the  p h en o lo g ica l even ts  a round  them , and  freq u en cy  o f  eng ag in g  in  
stew ardsh ip  ac tiv ities  such as pu llin g  in v asiv e  p lan ts, p a rtic ip a tin g  in  com m u n ity  w eed  rem oval 
events, o r rep o rtin g  susp ic ious p lan ts  to  experts  (A p p en d ix  A ). In  ad d itio n  to  th ese  h u m an  capita l 
increases, th e  M elib ee  P ro jec t fac ilita ted  co llab o ra tio n  and  n e tw o rk in g  am ong  K -1 6  students,
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teachers, o th er v o lu n teers, scien tists, lan d  m an ag ers  and  triba l lead ers fo r  sc ien ce-b ased  resou rce  
m an ag em en t (B este lm ey er et al. 2015).
Stewardship learning
S tew ardsh ip  learn in g  is a s trategy  w h ere  learn ers  m ak e  an  ac tive  co n trib u tio n  to  
im p ro v in g  th e ir  en v iro n m en t w h ile  learn in g  ab o u t th e  p ro cesses  and  issues th a t th ey  are w o rk in g  
to w ard s b e tte rin g  (C ram er 2008). I t necessita tes  d raw in g  studen ts in to  com m u n ity  life  and 
en gag ing  th em  in  th e ir  eco log ical se tting  (K evany  2007). S tew ardsh ip  learn in g  can  o ften  lead  to  
im p ro v em en ts  in  ecosystem  structu re  and  func tion ing , and  b u ild s  sk ills and  v a lu es  such  as 
p lan n in g  ab ility , sc ien tific  know ledge , sense o f  p lace , and  u n d erstan d in g  o f  socia l-eco log ical 
system s (K rasny  and  T idball 2009b , T idball and  K rasn y  2010). F o r exam ple , th e  stew ardsh ip  
learn in g  in  th e  C ornell C iv ic  E co lo g y  L a b ’s u rb an  g ard en in g  p ro g ram  p ro v id ed  p artic ip an ts  w ith  
sk ills essen tia l to  th e  adap tive  co -m an ag em en t p rocess, such  as learn in g  as a g roup  th ro u g h  
experience , experim en tation , and  in n o v a tio n  (K rasny  and  T idball 2009b). In  an o th er study 
co m p arin g  studen ts  w h o  p a rtic ip a ted  in  en v ironm en ta l and  n o n -en v iro n m en ta l y o u th  p ro g ram s in  
N e w  Y o rk  C ity, K u d ry av tsev  et al. (2012a) fo u n d  th a t s tuden ts en g ag ed  in  env ironm en ta l 
s tew ardsh ip  d ev e lo p ed  s tro n g er p lace  a ttach m en ts and  p lace  m ean in g s th an  th e  studen ts in  non- 
en v ironm en ta l p rogram s. T hey  p ro p o se  th a t educational p ro g ram s th a t engage studen ts in  
m ean ing fu l s tew ardsh ip  ac tiv ities  w ith in  th e ir  ow n co m m u n itie s  can  b e  a sou rce  o f  im p o rtan t 
re s ilien ce  b u ild in g  feed b ack s th a t im m ed ia te ly  im p ro v es eco sy stem s and  b u ild s  the  sense o f  
p lace  necessa ry  to  susta in  th em  (K u d ry av tsev  et al. 2012a). S im ilar social and  eco log ical b en efits  
h ave  b een  do cu m en ted  in  m y riad  o th er stud ies on th e  im p acts  o f  s tew ardsh ip  lea rn in g  (rev iew ed  
in  B illig  2000).
T he C en te r fo r A lask an  C oasta l S tudies, an  en v ironm en ta l ed u catio n  n o n -p ro fit in 
H om er, A laska , has b een  ru n n in g  a s tew ardsh ip  lea rn in g  p ro g ram  ca lled  K ach em ak  C o astW alk
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since 1984 (C A C S  2014). E v ery  Sep tem ber, a round  600 vo lu n teers, in c lu d in g  several hun d red  
K -1 6  studen ts  and  teachers, rem o v e  m arin e  debris and  co n d u c t b io d iv ers ity  and  h u m an  im p act 
su rveys o f  ad o p ted  b each  zo n es (C A C S  2014). T he p ro g ram  g ives studen ts an  op p o rtu n ity  to  
learn  ab o u t m arine  deb ris  and  coasta l change th ro u g h  an in -c lassro o m  cu rricu lu m  (T ro w b rid g e  et 
al. 2004), and  im m erses  th em  in  la rg e -sca le  com m u n ity  ac tion  on th ese  issues. C h an g es in  
p artic ip an t sense o f  p lace , p articu la rly  p lace  attachm en t, hav e  b een  d o cu m en ted  anecdo ta lly  as a 
re su lt o f  th e  stew ardsh ip  p ro jec t (S igm an  and  T ro w b rid g e  2004), and  th e  com m u n ity  art p rog ram  
th a t has b eco m e a p art o f  th e  annual e ffo rt has a llow ed  local a rtis ts  to  v isu a lly  exp ress th e  p lace  
m ean in g s th a t th ey  have  d ev e lo p ed  u sin g  th e  m arine  deb ris  th ey  rem o v e  from  th e ir  b each  (C A C S
2014).
Institutional hurdles and policy suggestions
T he m an n er in  w h ich  h u m an  and  social cap ita l asse ts are  b u ilt and  u sed  depends large ly  
u p o n  th e  in s titu tio n s th a t g u id e  th ese  fo rm s o f  capita l (A rro w  et al. 2004). In  th is  final section , I 
d iscuss cu rricu lu m  po licy , ev a lu a tio n  and  teac h e r tra in in g  as asp ec ts  o f  educational in stitu tio n s 
th a t p re sen t b o th  po ten tia l h u rd les  and  avenues fo r fac ilita tin g  th e  in co rp o ra tio n  o f  th e  learn in g  
to o ls  d iscu ssed  above in to  reg u la r c lassroom  teach in g  p ractice.
Resilience learning tools in compulsory curriculum
M an d a ted  cu rricu lu m  at local, state, and  national scales p ro v id es  a s tructu re  fo r n ew  
tren d s and  b e s t p rac tices  in  ed u catio n  to  b e  b ro ad ly  d issem in ated  and  applied . W ith in  
co m pu lso ry  p u b lic  ed u catio n  system s, m an d ated  cu rricu lum  co u ld  help  the  resilien ce-b u ild in g  
learn in g  to o ls  d iscu ssed  here  reach  a h ig h  p ro p o rtio n  o f  th e  sch o o l-ag ed  population . C urricu lum  
po lic ies  th a t p ro m o te  concep ts  o f  su sta inab ility  and  re silien ce  have  b een  m an d ated  in  som e 
national education  agendas (E x am p les: fu tu res  th in k in g  in  N e w  Z ea lan d  and  A u stra lia  (Jones et 
al. 2011), susta inab ility  co n cep ts  in  F ran ce  (S im o n n eau x  and  S im onneaux  2011). T he re s ilien ce
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fram ew o rk  fo r edu catio n  p ro p o sed  by  T idball and  K rasn y  (2010, 2 011) m ay  serve as an 
im p o rtan t too l fo r cu rricu lum  d ev e lo p e rs  and  teach ers  seek ing  to  align  cu rricu lu m  learn in g  goals 
w ith  re s ilien ce-b ased  outcom es.
Evaluation o f  learning within a resilience framework
In  th e ir  study o f  th e  in teg ra tio n  o f  env ironm en ta l edu catio n  in to  local cu rricu lum s in  
T aiw an , Y ueh  et al. (2010) found  th a t th e  m ore  h o lis tic  and  ac tio n -o rien ted  studen t learn in g  
o u tcom es w ere  m ore d ifficu lt to  m easu re  th an  in  trad itio n al school sub jects  b ecau se  th ey  are hard  
to  cap tu re  w ith  th e  av a ilab le  assessm en t to o ls  like  w ritten  tests. I f  th e  sh ift to w ard  g rea te r state 
m an d ated  em phasis  on p ro cess sk ills in  cu rricu lum  co n tin u es (fo r exam ple  N R C  2012), learn in g  
to o ls  th a t su p p o rt re s ilien ce  m ay  b e  in creasin g ly  p ractical fo r ed u cato rs  to  u se  and  evaluate. 
L ea rn in g  p ro g ressio n s, m o d els  fo r s tu d en t learn in g  th a t tak e  co n cep ts  o r sk ills  th ro u g h  in creasin g  
levels  o f  com plex ity  and  so ph istica tion  (D usch l et al. 2011), cou ld  p o ten tia lly  b e  u sed  to  
structure , gu ide, and  m easu re  s tu d en t p ro g ress  in  re s ilien ce  th in k in g  skills, and  to  co n stru c t 
cu rricu la  w ith  re s ilien ce-b ased  learn in g  o u tcom es (cf. B en -Z v i A ssa ra f  and  O rion  2005, L ee  and 
L u i 2010, R o b ertso n  et al. 2012).
Teacher training to support resilience learning
A  m ajo r in stitu tio n a l h u rd le  th a t m u st b e  o vercom e to  en su re  learn in g  fo r re s ilien ce  w ith in  
schoo ls is th e  lack  o f  teac h e r tra in in g  in  th e  p ed ag o g ies  d iscu ssed  in  th is  paper. F o r exam ple , 
m any  teach ers  lack  th e  sk ills and  k n o w led g e  to  teach  system s th in k in g  o r in teg ra ted  social- 
eco log ical system s (S term an  and  S w eeney  2007, A lm eid a  and  V asco n celo s  2011). In  A laska, 
one o f  th e  firs t steps to w ard  crea ting  a society  th a t h as  th e  capab ility  to  re sp o n d  and  adap t to  
rap id  ch an g e  shou ld  b e  to  p ro v id e  p ro fessional d ev e lo p m en t w o rk sh o p s and  core  co u rse  w o rk  fo r 
cu rren t and  p ro sp ec tiv e  teach ers  on  th e  th in k in g  skills and  learn in g  to o ls  d iscu ssed  in  th is  paper.
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Conclusions
E d u ca tio n  and  re s ilien ce  th eo ris ts  have  ca lled  fo r fu rth e r in v estig a tio n  o f  th e  ro le  
ed u catio n  can  p lay  to  susta in  soc ia l-eco log ica l system s in  th e  face  o f  a ch an g in g  c lim ate  (F azey  
et al. 2007 , K rasn y  et al. 2009 , K rasn y  and  T idball 2009a, T idball and  K rasn y  2010, T idball and 
K rasn y  2011). In  re sp o n se  to  th is  call, th is  p ap e r in v estig a ted  a ttrib u tes o f  re s ilien t social- 
eco log ical system s to  w h ich  fo rm al edu catio n  can  co n trib u te  and  p resen ts  th e  b eg in n in g  o f  a 
re s ilien ce  teach in g  to o lb o x  fo r K -1 6  educators. T he re s ilien ce  lea rn in g  too ls  th is  p ap e r suggests 
are c learly  in su ffic ien t in  and  o f  th em se lv es  to  m ee t th e  n eed s o f  th e  sca le  and  ra te  o f  clim ate  
change in  A laska, o r e lsew here . H ow ever, th is  p ap e r p resen ts  an  in itia l step  to w ard  th in k in g  
ab o u t p ractical ap p lica tio n s fo r re s ilien ce  th eo ry  in  c lassroom s. F u tu re  research  on  p ed ag o g ies  
th a t can  b e s t b u ild  re s ilien ce  is needed , p a rticu la rly  w ith in  th e  arc tic  and  subarctic  com m unities 
u n d erg o in g  the  m o st rap id  change. F o rm al school teach ers  can  p lay  an  enorm ous ro le  in  
fac ilita tin g  th e  tran sfo rm atio n s in  th e  w ay  society  th in k s and  learn s th a t re s ilien ce  req u ires (e.g. 
S terling  2010), and  th e  in te rsec tio n  b e tw een  ed u catio n  and  re silien ce  re search  is rip e  fo r the  
p ick in g  to  aid  th em  in  th is  p ro fo u n d  task .
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Table 6.1 T oo lbox  o f  som e p ractica l im p lem en ta tio n  stra teg ies fo r  re s ilien ce  learn in g  too ls  in  K - 
16 classroom s, in c lu d in g  system s th ink ing , m etaco g n itio n , and  scenarios th ink ing .
L ea rn in g  Tool Im plem en tation
S tra tegy
H ow  it w o rk s ...
System s
T hinking
Systems drawings Students draw illustrations of the different system components 
showing relationships and processes within the system (Ben- 
Zvi A ssaraf and Orion 2005).
Concept maps Students are given a set of words representing system 
components and processes. Students arrange the words in a 
diagram and illustrate connections between the words to show 
their relationships (Ben-Zvi A ssaraf and Orion 2005).
Computer-based
modeling
Students conceptualize a system in a user-friendly modelling 
interface and convert the relationships (including non-linear 
relationships and feedbacks) into numerical formulas (Hung 
2008, Riess and M ischo 2010).
M etacognition M etacognitive
journaling
Students reflect on their learning by checking the development 
or status o f  their ideas. Students make sense o f  their idea, place 
it in the constructs o f  their prior knowledge, and reflect on the 
fruitfulness o f  the idea (i.e. does the idea help solve problems 
or encourage other ideas; Hennessey 1991, Blank 2000).
M etacognitive
illustration
Students draw illustrations o f  them selves and what they are 
thinking in relation to different learning tasks (Wall et al. 
2009).
Constructivist
metaphor
Classroom dialogue periodically referenced the phrase 
“Learning is constructing” during learning activities (Thomas 
and McRobbie 2001).
Scenarios
T hinking
Backward and 
forward timeline 
creation
Students place a desired future at the end o f  a timeline and 
construct the events that could lead from the desired state back 
to the present, or vice versa, starting at the present and creating 
a timeline o f  decisions that lead to variety o f  unknown futures 
(Jones et al. 2011).
Futures wheels Students use concentric wheels to visualize the effects o f  
events, with a future event placed in the middle, direct effects 
o f  that event in a ring around the future event, and indirect 
effects in succeeding rings (Jones et al. 2011).
Cross impact 
matrices
Students assess positive or negative interactions between 
possible future events by writing events horizontally and 
vertically along a grid (Jones et al. 2011).
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CHAPTER 7
Conclusion
Managing berries and invasive plants in Alaska: insights from ecology and
education research
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T he eco log ical re search  goal o f  m y d isserta tio n  w as to  in v estig a te  th e  im p ac t o f  n o n ­
n ativ e  p lan t in v asio n s on th e  p o llin a tio n  and  rep ro d u ctio n  o f  n a tiv e  p lan ts. T he education  
re search  goal o f  th is  d isserta tio n  w as to  in v estig a te  th e  ro le  tw o  d iffe ren t ed u catio n  strateg ies, 
c itizen  sc ience and  m etaco g n itiv e  learn ing , can  p lay  in  b u ild in g  re s ilien ce  to  n o n -n a tiv e  p lan t 
in v asio n s in  A laska. P ersp ec tiv es  from  b o th  d isc ip lin es  con tribu te  to  th e  la rg e r goal o f  susta in ing  
su b sisten ce  b erry  reso u rces  in  th e  face  o f  acce lera tin g  n o n -n a tiv e  p lan t in v asio n s in  A laska.
O ften  ed u catio n  and  ou treach  are co n sid ered  periphera l ac tiv ities  to  a sc ien tific  research  
p ro g ram  (B urg g ren  2009; P ace  et al. 2010). F o r exam ple , as o f  2009, on ly  37 %  o f  the  b ro ad er 
im p ac t sta tem en ts in  fu n d ed  N S F  p ro jec ts  p ro p o sed  co m m u n ica tin g  re search  resu lts  o r o ffering  
educational ex p erien ces  to  n o n -acad em ic  co m m u n ities  (R oberts  2009). T hese  p roposed  
education  and  ou treach  ac tiv ities  ten d ed  to  n o t b e  w ell w o v en  in to  th e  fab ric  o f  th e  p roposa l, and 
th e  p rincipa l in v estig a to rs  w h o  p ro p o sed  th em  ten d ed  n o t to  b e  w ell q u a lified  to  effec tively  
execu te  th e  activ ity  (B urg g ren  2009). In  A la sk a ’s app ro ach  to  in v asiv e  p lan t spec ies (see 
G raz iano  2011), th ere  is a s im ilar need  to  b e tte r  in teg ra te  ed u catio n  and  ou treach  activ ities, 
ed u catio n  research , and  perso n n el w ith  ed u catio n  ex p e rtise  in to  the  cu rren t s trategy  fo r research  
and  m anagem en t. M y  d isserta tio n  suggests  th a t b o th  eco log ical research  and  ed u catio n  research  
can  co n trib u te  to  a b e tte r  u n d ers tan d in g  o f  h o w  to  m an ag e  natu ral resources. T o con c lu d e  m y 
d isserta tion , I sum m arize  and  sy n th esize  the  in sig h ts  each  ch ap te r p ro v id es  u sin g  th e  in teg ra ted  
soc ia l-eco log ica l system s fram ew o rk  fo r m y study system  (Fig. 7 .1, lin k ag es A -D ).
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Figure 7.1 Revisited conceptual framework defining the integrated dissertation study system. The contribution that 
each major dissertation component (ecological research, citizen science, and metacognition experiment) offers to the 
understanding of the system is indicated by linkages A-D. Framework adapted from Tidball and Krasny (2010) and 
Collins et al. (2011).
Linkage A- Ecological field experiments and understanding the effects of sweetclover on 
pollination
C ontrary  to  th e  m ajo rity  o f  p u b lish ed  stud ies on th e  effec ts o f  in v asiv e  p lan ts  on 
p o llin a tio n  o f  n a tiv e  p lan ts  (e.g. G rabas and  L av erty  1999, C h ittk a  and  S churkens 2001, B ro w n  
et al. 2002 , M o rag u es and  T rav ese t 2005, T o tlan d  et al. 2006; T rav ese t and  R ich ard so n  2006), 
M elilo tu s  a lb u s  d id  n o t have  a strong  co m p etitiv e  effec t on  th e  n a tiv e  species w e  studied  
(C h ap te r 2). M . a lb u s  fac ilita ted  g rea te r seed  p ro d u c tio n  p e r berry  in  V. v itis-id a ea  w h en  w e  
added  la rg e  patches, and  had  a w e ak  co m p etitiv e  effec t on  R. g ro en la n d icu m  p o llina tion , b u t did  
n o t ch an g e  fruit o r seed  p roduction . M . a lb u s  had  no  de tec tab le  e ffec t on  V. u lig in o su m . T hese
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resu lts  su g g est th a t sm all p a tch es o f  M . a lb u s  in  bo real fo res t sites do  n o t have  large 
co n seq u en ces  fo r  th e  p o llin a tio n  and  rep ro d u ctio n  o f  th ese  subsistence p lan t species.
H ow ever, m an y  o f  th e  M . a lb u s  pa tch es  th a t o ccu r in  A lask a  are o f  sizes m u ch  la rg e r th an  
th e  ones w e  u sed  in  o u r experim ent. O f  th e  app rox im ate ly  2000  M . a lb u s  reco rd s  in  th e  A lask a  
sta tew ide  in v asiv e  p lan ts  da tab ase  th a t con ta in  stem  co u n t data, 60%  w ere  pa tch es  o f  th e  sam e 
size o r sm alle r th an  th e  p a tch es w e  added  (<  150 stem s; A K E P IC  2015). T he o th er 40%  o f  the  
reco rd s do cu m en ted  la rg e r patches. A s a resu lt, th e  fin d in g s from  C h ap te r 2 shou ld  n o t be  
in te rp re ted  as in d ica tin g  th a t no  m an ag em en t ac tio n s shou ld  b e  taken . M . a lb u s  can  p ro d u ce  over 
350 ,000  seeds p e r p lan t and  sp read  rap id ly  (R o y er and  D ick in so n  1999; C onn  e t al. 2008). Sm all 
p a tch es  o f  M . a lb u s  can  qu ick ly  b eco m e large  patches, and  w e  do n o t k n o w  h o w  th ese  la rg e r 
pa tch  sizes can  affec t n a tiv e  bo rea l p lan t po llina tion .
F u rth erm o re , several lines o f  ev id en ce  su g g est that, even  at sm all p a tch  sizes, M . a lb u s  
ac ts as a “ p o llin a to r m ag n e t” (cf. L av erty  1992) red is trib u tin g  p o llin a to rs  in  th e  bo real forest. 
F irst, w e  saw  a ten d en cy  fo r sites w ith  M . a lb u s  added  to  have  g rea te r ab u n d an ces  o f  p o llin a to rs  
co m p ared  to  con tro l sites (C h ap te r 2). Second, w e  saw  in creased  p o llin a tio n  ra tes  in  R. 
g ro en la n d icu m  flo w ers 1 - 5 m  from  th e  in v asiv e  p lan t pa tch  and  d ecreased  p o llin a tio n  at 
g rea te r d is tan ces  (8 - 40  m ) re la tiv e  to  con tro l sites (C h ap te r 3). W ith  lim ited  p o llin a to r po o ls  in  
bo real fo res t (K evan  et al. 1993) and  th e  ab ility  o f  p o llin a to rs  to  fly  substan tia l d istances to  
ob ta in  flo ra l re so u rces  (e.g ., >  300 m  fo r B o m b u s  spp.; O sborne  et al. 1999; B eek m an  and  
R a tn iek s 2000; G a th m an n  and  T sch arn tk e  2002; K n ig h t et al. 2005), n a tiv e  p lan ts  at g rea te r 
d istances th an  w e  m easu red  co u ld  b e  rece iv in g  less a tten tio n  from  p o llin a to rs  w h en  M . a lb u s  w as 
p re sen t and  w e  d id  n o t de tec t it. W e fo u n d  th a t M . a lb u s  does a lte r p o llin a tio n  and  rep ro d u ctio n  
o f  n a tiv e  p lan ts, th o u g h  no n e  o f  the  im p acts  w e  fo u n d  w ere  very  large. H ow ever, th e  changes in  
p o llin a to r b eh av io r m ay  b e  p ro d u c in g  u n m easu red  and  u n an tic ip a ted  effects. In  te rm s o f  invasive
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p lan t m an ag em en t in  A laska , an  ea rly -d e tec tio n  and  rap id -resp o n se  approach  to  sm all M . a lb u s  
in fes ta tio n s n ea r v a lu ed  su b sisten ce  p lan t h ab ita t is appropriate .
Linkage B- Citizen science contribution to ecological understanding and management
T he M elib ee  P ro jec t c itizen  sc ience p ro g ram  also  in c reased  o u r u n d ers tan d in g  o f  
eco log ical p ro cesses  w ith in  th e  study system . F irst, th ey  p ro v id ed  a h ig h  quality , in d ep en d en t 
source o f  da ta  to  v a lid a te  m o d els  o f  p lan t rep ro d u ctiv e  ph en o lo g y  th a t w ere  derived  from  
h erb ariu m  spec im ens (C h ap te r 4). Second, th e  raw  da ta  co llec ted  th ro u g h  th e  c itizen  science 
p ro g ram  hav e  a lready  in fo rm ed  in v asiv e  p lan t m an ag em en t d ec isio n s in  several p artic ip a tin g  
com m unities.
In  o u r m odel va lid a tio n  effort, th e  c itizen  sc ience d ata  p ro v id ed  a m ean s to  in v estig a te  
th e  streng ths and  w eak n esses  o f  th e  h erb ariu m  dataset. W e fo u n d  th a t ou r m o d els w ere  v a lid  fo r 
p ro v id in g  an  u n d ers tan d in g  o f  th e  re la tiv e  sh ifts  in  ph en o lo g y  o f  M . a lbus, V. u lig inosum , and  V. 
v itis -id a ea , b u t need ed  fu rth e r ca lib ra tio n  to  p ro v id e  accu ra te  p red ic tio n s  fo r spec ific  dates and 
locations. U sin g  th e  h erb ariu m -b ased  ph en o lo g y  m odels, w e  w ill p red ic t w h ich  p arts  o f  A lask a  
h ave  th e  g rea test overlap  in  flo w erin g  and  po ten tia l fo r  in teraction . P a rtic ip a tio n  in  th e  data  
co llec tio n  th a t w ill lead  to  th ese  risk  m o d els  has p ro v ed  to  b e  a pow erfu l too l to  enco u rag e  
stra teg ic  th in k in g  ab o u t in v asiv e  p lan t m anagem en t, p articu la rly  in  co m m u n itie s  w h ere  the  
h a rv es t o f  b e rries  fo r subsistence is h igh ly  valued . In  th e  w o rd s o f  one o f  ou r c itizen  science 
v o lun teers, Jess ica  P h illip s, V ice  P res id en t o f  th e  A n iak  T rad itional C ouncil, “ T he M elib ee  
P ro jec t h e lp ed  m e b u ild  a strong  vo ice  ab o u t in v asiv e  p lan ts  fo r m y  council m em bers, fo r  our 
cu lture , and  w ay  o f  life  in  ru ral A lask a .”
T he ph en o lo g y  da ta  g a th ered  by  v o lu n teers  has a lready  b een  d irec tly  u sed  in  the 
co m m u n ities  w h ere  it w as co llec ted . In  th e  v illag e  o f  Shageluk , a teach e r w h o  had  a ttended  one 
o f  th e  3-day  tra in in g  w o rk sh o p s id en tified  th e  only  k n o w n M . a lb u s  p lan t in  th e  v illage. She and
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h er studen ts  co llec ted  ph en o lo g y  d ata  on th e  p lan t, th en  p u lled  th e  p lan t b e fo re  it beg an  
p ro d u c in g  seeds (J. H am ilton , pers. com m .). In  an o th er m o n ito rin g  site in  Sew ard, th e  v o lu n teer 
w o rk ed  fo r a local lan d  m an ag em en t non-p ro fit. She u sed  th e  da ta  she had  co llec ted  on M . a lb u s  
p h en o lo g y  to  p lan  th e  tim in g  o f  local con tro l effo rts  and  a com m unity  w eed  pull ev en t (J. K ain , 
pers. com m .). W h ile  scou ting  fo r focal spec ies to  m o n ito r in  G o o d n ew s B ay , a v o lu n tee r no ticed  
an  unusual p lan t and  do cu m en ted  th e  firs t n o n -n a tiv e  p lan t reco rd  fo r h e r v illag e  in  th e  sta tew ide 
in v asiv e  p lan ts  da tab ase  (A. Ju lius, pers. com m .). T hese  exam ples su g g est th e  da ta  and  th e  ac t o f  
co llec tin g  d ata  shed n ew  in s ig h t on  local ecosystem s, and  in  each  case, th e  n ew  eco log ical 
k n o w led g e  led  d irec tly  to  stew ardsh ip  and  m an ag em en t ac tions (Fig. 7.1). T hese  ap p lica tio n s o f  
th e  M elib ee  P ro jec t d a ta  su p p o rt th e  n o tio n  th a t c itizen  sc ience can  help  tig h ten  th e  feed b ack  
loops b e tw een  stak eh o ld ers  and  m an ag em en t ac tions (an  im p o rtan t fea tu re  o f  adap tive  co ­
m an ag em en t in  a re s ilien t soc ia l-eco log ica l system ; B erk es 2002; T idball and  K rasn y  2012).
Linkage C- Citizen science and human outcomes
In  th e  lite ra tu re  syn thesis  in  ch ap te r 6, I show  h o w  c itizen  sc ience cou ld  im p ro v e  h um an  
capita l, social cap ita l, and  sense o f  p lace , a ttribu tes th a t con tribu te  to  th e  re s ilien ce  o f  social- 
eco log ical system s (Fig. 7 .1C ). In  ad d ition  to  th is th eo re tica l approach , I g a th ered  som e 
p re lim in ary  da ta  to  ev a lu a te  the  im p ac t o f  th e  M elib ee  P ro jec t c itizen  sc ience p rog ram  on th ese  
“h u m an  o u tco m es” in  m y study  system  (A p p en d ix  A ). I u sed  a re tro sp ec tiv e  p re- and  p o s t­
survey  to  d o cu m en t changes in  p artic ip an t k n o w led g e  and  b eh av io rs  th a t co rresp o n d ed  w ith  each  
o f  th e  h u m an  o u tcom es lis ted  in  fig u re  7.1. T he p ro g ram  p a rtic ip an ts  rep o rted  in creases  in  th e ir 
k n o w led g e  o f  re lev an t sc ience to p ics  such  as in v asiv e  p lan t eco logy , c lim ate  change, and 
p heno logy , as w e ll as b e tte r  u n d erstan d in g  o f  sc ien tific  p rac tices  like  co llab o ra tio n  w ith  o ther 
sc ien tists, m ak in g  observations, and  reco rd in g  data. C o m paring  th e ir  b eh av io rs  b e fo re  they  
p a rtic ip a ted  in  th e  M elib ee  P ro jec t and  a fte r th ey  p artic ip a ted  in  th e  p rogram , th e  v o lu n tee rs  a lso
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rep o rted  a s ig n ifican t in crease  in  th e  freq u en cy  in  w h ich  th ey  to o k  d irec t ac tio n  on in v asiv e  
p lan ts  in  th e ir  com m unity  (stew ardsh ip  actions), en g ag ed  in  ac tiv ities  th a t in c reased  th e ir  sk ills 
o r k n o w led g e  o f  in v asiv e  p lan ts  o r o th er env ironm en ta l to p ics  (hum an  capita l ac tiv ities), and 
en g ag ed  in  social in te rac tio n s o r n e tw o rk s on  in v asiv e  p lan ts  o r o th er en v ironm en ta l top ics 
(socia l cap ita l ac tiv ities). M o st p rom in en tly , th e  p a rtic ip an ts  rep o rted  th e  la rg est change in  the  
freq u en cy  o f  th e ir  “ sense o f  p lace” ac tiv ities, o r ac tiv ities  th a t d em o n stra ted  cu rio sity  and  
aw areness ab o u t in v asiv e  p lan ts  and  p h en o lo g y  in  th e ir  daily  su rround ings. T hese  da ta  set the  
stage fo r m o re  rig o ro u s em pirica l study o f  th e  im p ac t c itizen  sc ience can  h av e  on re s ilien ce  and 
adap tive  capacity . In  th e  m ean tim e, th ey  suggest th a t c itizen  sc ience p ro g ram s can  p lay  an 
im p o rtan t ro le  in  en g ag in g  th e  p u b lic  in  in v asiv e  p lan t m anagem ent.
Linkage D- Impact of metacognitive learning strategies on human capital
B o th  th e  em pirica l study in  ch ap te r 5 and  lite ra tu re  syn theses in  ch ap te r 6 exam ined  the  
e ffec t th a t m etaco g n itiv e  learn in g  in terv en tio n s can  h av e  on h u m an  capital. T he lite ra tu re  rev iew  
su g g ested  th a t m etaco g n itiv e  ap p ro ach es to  lea rn in g  cou ld  im p ro v e  th e  sorts o f  th in k in g  skills 
n ecessary  fo r  p ro b lem  so lv ing  in  tim es o f  change. H ow ever, in  m y ex p erim en t w ith  the  
M etaco g n itiv e  L ea rn in g  C ycle  in te rv en tio n  in  7th g rad e  b io lo g y  classroom , studen ts w h o  
rece iv ed  th e  in te rv en tio n  w ere  no  b e tte r  a t ap p ly in g  re s ilien ce  th in k in g  sk ills (cf. B o x  5 .1) to  
in v asiv e  p lan t p ro b lem -so lv in g  scenarios th an  studen ts w h o  d id  n o t rece iv e  the  in terven tion . 
T hese  resu lts  suggests  th a t in  th e  e ffo rt to  susta in  ecosystem  serv ices in  th e  face  o f  non-n a tiv e  
plan ts, rig o ro u s re search  is req u ired  to  exam ine  th e  e ffec tiv en ess  o f  th e  s tra teg ies w e  u se  to  teach  
ab o u t them . W ith  the  acce lera tin g  ra te  o f  n o n -n a tiv e  in v asio n s in  th e  state, A lask a  can n o t affo rd  
to  in v es t tim e  in  ed u catio n  s tra teg ies th a t do  n o t effec tively  g iv e  p eo p le  th e  k n o w led g e  and  sk ills 
to  deal w ith  th e  issue.
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Further directions
W ith in  each  chap ter, I id en tified  d irec tio n s fo r fu rth e r research  on th e  eco logy  or 
ed u catio n  to p ic  p resen ted . T he in teg ra ted  soc ia l-eco log ica l system s re search  fram ew o rk  also  
o ffers a w ay  to  assess fu rth e r re search  n eed s in  th e  overarch in g  study system  (C o llin s et al.
2011). E ach  a rro w  in  th e  m odel can  he lp  id en tify  to  im p o rtan t re search  qu estio n s to  address.
F irst, it  is still u n c lea r i f  M . a lb u s  can  im p ac t b e rry  harvests. E x p erim en ts  w ith  la rg e r M . a lb u s  
pa tch  sizes and  la rg e r scale assessm en t o f  changes in  p o llin a to r ac tiv ity  cou ld  help  p ro v id e  a 
b e tte r  u n derstand ing . W ith in  th e  socio -cu ltu ra l tem p la te  o f  th e  m odel, th e  lin k  b e tw een  the  
hu m an  o u tcom es and  h u m an  b eh a v io r is a lso  qu ite  op tim istic . F u rth e r critica l ex am in a tio n  o f  the  
ty p es  o f  ed u catio n  stra teg ies th a t co n sisten tly  lead  to  e ffec tiv e  en v ironm en ta l s tew ardsh ip  ac tions 
is c learly  necessary . F ina lly , th e  lin k ag e  b e tw een  stew ardsh ip  ac tions and  ecosystem  fu n c tio n in g  
p ro v o k es m any  in te re stin g  questions. A re  th e  stew ardsh ip  ac tio n s effec tive?  H o w  do p o llin a to r 
serv ices to  n a tiv e  berry  p lan ts  ch an g e  w h en  M . a lb u s  is rem oved? D o es th e  e ffec t o f  th e  rem oval 
vary  w ith  th e  tim e  since in troduction , p a tch  size, o r level o f  in teg ra tio n  in  th e  p lan t-p o llin a to r 
netw ork? T he fie ld s  o f  eco logy  and  ed u catio n  have  m u ch  to  o ffer to  he lp  add ress th ese  sorts o f 
questions. I ho p e  m y d isserta tio n  w ill serve as a lau n ch in g  p o in t fo r th e  fu rth e r in teg ra tio n  o f  
th ese  re search  d isc ip lin es  to  help  in crease  o u r capac ity  to  re sp o n d  to  n o n -n a tiv e  p lan t invasions 
and  susta in  A la sk a ’s natu ra l resources.
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REPORT ON MELIBEE CITIZEN SCIENCE mF 
PROGRAM PARTICIPANT LEARNING A L A S K A
FAI RBANKS
From scientific research to public participation and outreach, the 
Melibee Project provided rich opportunities for learning. The research team 
learned from their experiments and observations about the relationships 
between invasive sweetclover (M elilotus albus), pollinators, and native 
blueberry (Vaccinium uliginosum) and cranberry (Vaccinium vitis-idaea). 
Alongside over 240 volunteers, they also learned that the extent of flowering 
overlap between the invasive plant and the berries varies across the state. The learning that occurred, 
however, was not just driven by the sorts of research questions that the Melibee Project asked. 
Volunteers who monitored phenology in the Melibee Project Citizen Science Program learned about 
key ecological concepts and science process skills and changed their behaviors as a result of their 
learning. Here we present some of the learning outcom es that we documented through internal 
program evaluations.
Using Likert-scale paper and web-based surveys, we asked participants to gauge how much they 
learned about the key ecological concepts in the Melibee Project, which included climate change in 
Alaska, phenology, invasive plant ecology, pollination and plant reproduction (0= none, 3=a lot). Survey 
respondents also identified how 
much they learned about key 
science process skills, including 
working with scientists, 
recording data, and making 
scientific observations. We also 
asked program participants to 
identify the frequency with 
which they engaged in 
ecological learning and 
stewardship activities before 
they participated in the Melibee 
Project and after they 
participated in the program (Box
1). The activities on the survey
How much did you learn about...
Climate change in Alaska 
Phenology 
Invasive plant ecology 
Pollination and plant reproduction 
Working with scientists 
Recording data 
Making scientific observations
no
Mean
Figure B.1. Learning reported by 
in environm ental careers that occ 
in the Melibee Project phenology 
concepts and science process skil
ne a little some a lot
survey response (non-environmental careers)
volunteers who were not engaged 
urred as a result of participation 
m onitoring program on key 
s.
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corresponded with actions that demonstrated 
changes in ecosystem stewardship (activities 
that directly benefit the ecosystem), human 
capital (activities that improve skills and 
abilities of an individual), social capital 
(activities that enhance relationships between 
people that facilitate environmental behavior), 
and sense of place (activities that demonstrate 
enhanced wonder and connection to their 
environment). These four categories of 
learning outcom es have been shown to 
enhance the capacity of a community to 
respond to environmental changes such as 
biological invasions (Tidball and Krasny 2010, 
Collins et al. 2011).
Twenty-five volunteers responded to 
our survey (18 fem ale and 7 male; 8 youth age 
12-18 and 17 adult; 11 in environmental 
careers and 14 in non-environmental careers, 
including students). Of the participants who 
were students or in non-environmental 
careers, the greatest learning occurred on the 
topics of invasive plant ecology and phenology 
(Fig. B.1). The average of responses from this 
group indicated that Melibee Project facilitated 
learning in in all of the key concept and skill 
areas (fig B.1). Across all respondents, youth 
reported learning more about science process skills than adults (average score across science process 
skills: youth = 2.4, adult = 1.9). Youth and adults both reported similar levels of learning on the key 
ecological concepts (average score across ecology content areas: youth = 2.4, adult = 2.3).
Compared to before participation in the Melibee Project citizen science program, volunteers 
reported a significant increase in the frequency they engaged in activities in all four learning outcome
Box 1
Activities corresponding to different categories of 
learning outcomes in the Melibee Project volunteer 
survey. A Likert-scale was used for ranking activity 
frequency before and after participation in the Melibee 
Project (6 points: "never," "once a year," "a few times 
per year," "monthly," "weekly," "daily").
Direct Ecosystem Stewardship
• Pulled invasive plants in your yard or neighborhood
• Attended community weed pull events
• Decided not to plant or buy something because you 
thought it might be invasive
• Reported invasive plant sightings to land managers 
or extension agents
• Asked an expert about an unfamiliar plant 
Social Capital
• Talked about invasive plants to friends, relatives or 
acquaintances
• Taught adults or children about invasive plants
• Posted pictures or wrote about invasive plants on 
social media
• Wrote articles, letters to the editor, listserv emails or 
creative writing pieces about the issue of invasive 
plants
• Joined or "liked" environmental or sustainability 
social media networks
Human Capital
• Attended public lectures on environmental or 
ecological topics
• Attended courses or workshops on environmental 
topics
• Participated in other projects where volunteers 
collect scientific data
• Read magazines, newsletters or online services on 
environmental issues or ecology
• Volunteered time for an environmental organization 
or environmental cause
Sense of Place
• Noticed invasive plants around your town
• Noticed invasive plants while travelling away from 
home
• Paid attention to the changes in plants through the 
summer
• Paid attention to the changes in animals or fungi 
through the summer
• Looked up unknown plants in identification books
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categories (Fig. B.2). The greatest increase occurred in activities associated with "sense of place" (Fig.
B.2). Participation in the monitoring project stimulated curiosity and awareness about invasive plants 
and phenology in people's daily lives. For example, 48% of respondents reported increasing the 
frequency that they paid attention to changes in plants in throughout the summer. The second largest 
increase in activity frequency occurred in the "direct ecosystem stewardship" category. Am ong these 
activities, nearly half of the respondents increased their frequency of deciding not to plant or buy 
something because they thought might be invasive, and 44% increased the frequency with which they 
pulled invasive plants in their yard or neighborhood. These survey data dem onstrate the learning that 
occurred beyond the Melibee Project research questions to influence the citizen science volunteers' 
skills, knowledge, awareness, and behaviors.
direct | social I human I sense 
ecosystem capital capital of place
stewardship
Type of Activity
Figure B.2. Average self-reported activity frequency scores in different 
outcome categories for volunteers before (pre-) and after (post-) their 
participation in the Melibee Project Citizen Science Program. Statistical 
differences between pre- and post- Melibee activity frequency (tested 
using two-tailed t-tests) is indicated by *.
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Melibee Project Citizen Science Monitoring Project
Monitoring Protocol
G oal: Repeat observations o f  the same individual plants over a summer, and docum ent the reproductive 
phenology (timing o f  flowering and fruiting). University o f  A laska Fairbanks ecologists, Dr. Christa 
M ulder and Katie Spellman, want to see i f  invasive plants such as white sweetclover (Melilotus albus, 
synonyms: M elilotus officinalis, M elilotus alba) overlap in flowering time with native blueberry and 
cranberry plants (Vaccinium uliginosum  and Vaccinium vitis-idaea) in different parts o f  Alaska. W ith this 
phenological data we can create models to help us predict which area might be m ost vulnerable to 
changes in pollination o f  native berry plants. These species are also tracked by the USA National 
Phenology Network (USA-NPN), and we aligned our protocol to m atch the requirements o f  their 
protocols. Our project will contribute to the National Phenology Network data, which supports larger 
scale phenology studies throughout the United States.
P ro jec t W ebsite: https://sites.google.com/a7alaska.edu/melibee-proiect/citizen-science 
P ro jec t C ontact: Katie Villano Spellman, katie.spellman@ alaska.edu
O verview  of citizen m on ito ring  steps:
1. Select a site
2. Select plant species to investigate
3. Select individual focal plants
4. M ark your site and plants
5. Record your observations o f  plants
6. Report your data
1. Select a site
A site is the area which encompasses any plants you plan to observe.
Select sites that are
• convenient for you to get to
• relatively uniform habitat
• at least 4 m 2 in area, but not larger than 100m2.
ALAS
S ite  1
Choose sites that are relatively 
uniform habitat. For example, site 
1 is in relatively homogenous 
shrub habitat, while site 2 is in 
relatively uniform spruce habitat.
S ite  2
Figure from USA-NPN
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Remember, if  the land is not publicly owned, be sure to secure permission from the landowner to observe 
plants on the property.
Try to avoid:
• Steep slopes
• Very windy sites
• Areas prone to snow drifts (this will be hard to avoid for sweetclover sites on the sides o f  roads
where snow plowing has occurred, and it is okay to set up a site there!)
• W atered or fertilized sites
The size o f  your site will depend on how sparse the species you are observing are on the landscape. I f  the 
plants are dense, a small site will work, if  the plants are sparse, a larger site will be necessary.
W hen you've selected your site, fill out the site description form so we can have the relevant data about 
your site. You can fill out the form on our website or scan and return this form immediately to Katie via 
email or snail mail it to the address in step 6. You'll need to record the latitude, longitude, and elevation o f 
your site. You can do this with a GPS unit, i f  you have access to one, or you can use Google Earth to 
locate the exact location o f  your site find these numbers.
2. Select p lan t species to  investigate
The focal species we are investigating are M elilotus albus (sweetclover), Vaccinium vitis- idaea (lowbush 
cranberry or lingonberry), and Vaccinium uliginosum  (lowbush blueberry or bog blueberry). Locate one 
or more o f  these species in a convenient location for you to m onitor on at least a weekly basis. An 
identification guide is provided for you for our three focal species at our project website 
https://sites.google.com/a7alaska.edu/melibee-proiect/citizen-science/citizen-science-monitoring- 
instructions. I f  you are still unsure i f  you have the correct species, email us photos and we can make sure 
you have correctly identified your plants. Do this early on so you don’t  collect data on the wrong species!
I f  you do not have Vaccinium uliginosum, V. vitis-idaea  or M. albus in your local area, you m ay choose 
another native or non-native species tracked by the USA-NPN that occurs in Alaska, or another species o f 
interest. Tracked species include the non-native plants white clover (Trifolium repens), or dandelion 
(Taraxacum officinale). You m ay also choose to observe an invasive plant o f  interest in your area. W e are 
interested in the phenology o f bird vetch (Vicia cracca) which is abundant in areas surrounding Fairbanks 
and Anchorage. Please let us know i f  you’d like to observe bird vetch.
3. Select ind iv idual focal p lan ts
Observing multiple individuals helps to give scientists an idea o f the variation in phenology among 
individuals at your site. You will select and m onitor FIVE individuals o f  the same species at your site. Do 
not select direct neighbors.
Choose 5 plants that are:
• healthy and REPRODUCTIVE
• relatively undamaged
• A t least 20 cm away from other plants you are observing i f  you are monitoring berries. A t least 1 
m eter away from other plants you are observing i f  you are monitoring sweetclover.
• For clonal plants, try to choose individual stems from different clumps 
Try to avoid:
• plants that are close to buildings
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W hat i f  the plant I am observing dies?
• Select a new individual to m onitor
• Note the death in the comments section o f  the datasheet
• Give the replacement plant a new, unique label (for example, plant #6)
4. M ark in g  sites and  focal p lan ts
You will make your observations repeatedly at the same site or sites over time. Y ou will want to 
somehow m ark your site so that you can find it again in the future. For m ost sites, it is probably easiest to 
mark an easy entry point or nearby tree or shrub with colorful flagging, which is a colored non-adhesive 
tape often made o f  PVC or vinyl, scrap cloth, or something similar. You can also use natural or human- 
made landmarks, like the edge o f  a yard, large rocks, a bend in a trail, a road, or something similar to 
remem ber your site location.
Because plant monitoring requires that you observe the same individual plants  repeatedly, you 
will also need to m ark each plant so that you can find it on each visit. M ark each individual plant with a 
unique label. For example, you could mark pieces o f  flagging tape or metal plant tags with “M elilotus-1”, 
“M elilotus-2”, etc. and then tie them  to each o f  the white sweetclover you are observing. Or, you could 
label brightly painted popsicle sticks or chopsticks and place them  in the ground next to the plant so you 
can find them  as the vegetation grows. Be sure to replace the labels i f  they get damaged by the weather or 
animals, so you can be sure to continue marking the correct data for the correct plant.
5. R ecord ing  O bservations
A t least once a week, you will record the phenophase o f  each focal plant by counting the num ber o f  buds, 
flowers and fruits. You will record these observations on a datasheet. You will record the data for each 
plant in the column on the data sheet with the same num ber or label as on the plant. There are different 
datasheets for sweetclover (Melilotus albus) and for the berries (Vaccinium uliginosum  and V. vitis- 
idaea). Be sure you are using the correct data sheet.
P henophases:
A picture guide to the phenophases o f  our three focal species can be downloaded from our project website 
at https://sites.google.com/a/alaska.edu/melibee-proiect/citizen-science/citizen-science-monitoring- 
instructions. I f  you are not sure o f  a phenophase that you are observing, take a picture and email it to us, 
and we can help clarify.
Leaf Unfurling/Emergence
New  growth o f  the plant is visible, either from above-ground buds with green tips, or new green or 
white shoots breaking through the soil surface. Growth is considered "initial" on each bud or shoot 
until the first leaf has fully unfolded. Record “yes” or “no” i f  the plant has begun to unfurl leaves 
(Vaccinium  spp.), or has begun to break through the soil surface (Melilotus albus). This phase will 
only need to be recorded in M ay or early June. You do not need to keep recording this phenophase 
when the leaves have fully emerged.
Flower Buds
Count the num ber o f  flower buds that have not yet opened on the plant. For Vaccinium uliginosum  
(blueberry) the flower buds droop like tiny pink earrings. For Vaccinium vitis- idaea  (lowbush 
cranberry), the flower buds look a bit similar to leaf buds at first, as they are both pink in 
appearance and come straight from the end o f  the stem. Look for the pinker buds with hardly any 
green on them. For M elilotus sp. (sweetclover), rather than counting every tiny flower, count the
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num ber o f inflorescences (flower spikes composed o f  many small individual flowers) that have 
unopened buds. There is a special box on the data sheet for sweetclover for inflorescences that are 
h a lf buds and h a lf flowers, or h a lf flowers and h a lf unripe fruits. Record these numbers separately.
Flowers
Count the num ber o f  open, fresh flowers or flower spikes (inflorescences) that are visible on the 
plant. Flower spikes include m any small flowers that usually do not open all at once. There is a 
special box on the data sheet for sweetclover for inflorescences that are h a lf buds and half flowers, 
or h a lf flowers and h a lf unripe fruits. Record these numbers separately.
Do not include wilted or dried flowers that remain on the plant, or heads whose flowers have all 
wilted or dried.
Petal Drop
Count the num ber o f  flowers that have dropped their petals, but have not yet started to have their
ovaries swell. In all three species, the little green ovaries will not yet look like they are starting to
get spherical, and there will be a pointy stigma protruding quite visibly now that the petals are gone.
Unripe Fruits
Count the num ber o f  unripe fruits on the plant. For an unripe fruit, the ovary is swollen and 
obviously has been fertilized. Count all the fruits that are green or beginning to color. For M elilotus, 
count the num ber o f  inflorescences that are unripe fruit. Again, record the num ber o f  flower spikes 
with h a lf unripe fruit and h a lf flower or ripe fruit separately.
Ripe fruits
Count the num ber o f  ripe fruits that are visible on the plant. In the case o f  sweetclover, count the 
num ber o f inflorescences with mature fruits.
F requency  of observations:
• As often as possible, especially during the spring
• A t least once a week
• All observations are valuable!
P h o to g rap h ic  d a ta :
You can take photos o f  your plants to help you remember the 
phenology and identity o f  the plants. There is a space on the 
datasheet to record the photo num ber from your digital 
camera. M ake sure your plant labels are visible in the photo.
You can put the site name, plant number, and date on a slip 
o f  paper or whiteboard and put this in the photo so you can 
better keep track o f  your photos. An example is pictured to 
the right.
M on ito ring  sites in a reas  th a t you w o n ’t  be able to  revisit:
W hile monitoring the same plants at the same site throughout the summer is our ideal data, we are 
also very interested in phenological observations o f  plants in more remote places that you m ay only 
visit once during a summer, like on a backpacking, float trip or remote invasive plants survey. To 
collect this sort o f  data follow the above instructions, without marking a site or plants. To select the 5 
plants to count the buds/flowers/petal drops/unripe and ripe fruits on, simply toss a pencil over your 
shoulder and find the nearest plant with flowers or fruits on it to count. Be sure to fill out both a site
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description form and an observation datasheet. W e would also love to have a photo o f  the site or a 
photo o f  the plants if  you are able to provide one.
6. R ep o rtin g  y o u r data .
Please submit your weekly datasheets once a month to Katie Spellman. You m ay submit the data in any 
o f  the following ways:
1) Online at https://sites.google.com /a/alaska.edu/m elibee-project/citizen-science/subm it-data
2) Email scanned data sheets to katie.spellman@ alaska.edu
3) Mail paper data sheets to
Katie Spellman
Biology & W ildlife Department 
University o f  A laska Fairbanks 
PO Box 756100 
211 Irving 1
Fairbanks, A laska 99775
M onito ring  k its are available for citizen scientists and monitoring groups participating in our project. 
Please contact Katie i f  you are interested in receiving a monitoring kit. The kit includes:
- 5 metal plant tags
- fluorescent flagging tape for marking your site
- “Research A rea” laminated sign to mark your site 
and prevent tampering
- Focal Plant Identification Guide
- Phenophase Photo Guide for your species
- M onitoring Protocol
- Site Description Form
- Data sheets
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Pollinator Attraction Citizen Science Project
Site Description Form
Please fill one out for each site you are making observations in.
ALAS
Name of Observer(s)
Site Location:
Town (or nearest town)
Site name (give the site a unique descriptive name)_
Site location description (describe where your site is located using landmarks)
Site GPS coordinates (in NAD84, decimal degrees)
Latitude__________________________ oN Longitude oW
GPS precision m Site Elevation m
Site descriptive variables:
Dominant vegetation cover (circle one):
moss/lichen herbaceous shrub tundra
deciduous trees coniferous trees
tall shrub
Slope (circle one): flat 0-5% grade 6-10% grade
Aspect (What direction does the site slant toward? Circle one) N NE E SE S SW W  NW flat
Focal species for data collection at this site (circle all that apply):
Native plants: Lowbush cranberry (Vaccinium vitis-idaea)
Bog blueberry (Vaccinium uliginosum)
Other native plant of interest_______________________________
Non-Native plants: W hite Sweetclover (Melilotus albus)
Bird Vetch (Vicia cracca)
Other non-native plant of in terest____
Additional notes or comments about the site:
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Pollinator Attraction Citizen Science Project
Observation Datasheet
for Bog Blueberry (Vaccinium uliginosum) or 
Lowbush Cranberry (Vaccinium vitis-idaea) or 
other species
Please fill out the following datasheet once a week for each site. A different sheet must be used for 
each site. If you are monitoring more than one species at your site, use a new sheet for each species.
Observer name___________________________ Site Name_________________________________
Date_________________  Time of observation_______________________
Temperature___________  Weather (circle one) sunny partly cloudy cloudy rain
Plant phenology data: Species
Focal plant 
1
Focal plant 
2
Focal plant 
3
Focal plant 
4
Focal plant 
5
Plant label
Photo number (optional)
Phenophase Leaf
unfurling /  
Emergence
Y N Y N Y N Y N Y N
Flower buds
Open
flowers
Petal Drop
Unripe fruit
Ripe fruit
Additional notes about 
the plant
General notes:
ALAS
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Pollinator Attraction Citizen Science Project
Observation Datasheet
for Sweetclover (Melilotus albus) A L A S K A
F A I R B A N K S
Please fill out the following datasheet once a week for each site. A different sheet must be used for each site.
Site NameObserver name 
Date Time of observation
Temperature Weather (circle one) sunny partly cloudy cloudy rain
Plant phenology data:
Focal plant 
1
Focal plant 
2
Focal plant 
3
Focal plant 
4
Focal plant 
5
Plant label
Photo number (optional)
Phenophase Leaf unfurling 
/ Emergence Y N Y N Y N Y N Y N
Flower buds
% bud,
% flower
Open flowers
% flower,
% petal drop
Petal Drop
% petal drop, 
% unripe fruit
Unripe fruit
Ripe fruit
Additional notes about 
the plant
General notes:
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